Technical  Report  GL-& 
M.y  1 


US  Army  Corps 


Waterways  Experiment 
Station 


AD-A280  960 

tflUHU 


Geomorphic  and  Sedimentation 
Investigation  of  the  IS  June  1991 
Eruption  of  Mount  Pinatubo, 

The  Philippines 

by  Monte  L.  Pearson 
Kart  W.  Eiikssn 

US .  Army  Engineer  District  P&rtiantf 


AppfOMKJ  For  Retoase.  OisSribotoft  *  Uflimited 


94-19766 


Prepared  tor  U.S.  Apaovy  for  International  Development 


28 


foe  extent*  of  tfit*  icjwpt  arc  not  to  fv  used  few  advertising, 
publication.  or  promotional  porpo-es  Citatum  of  trade  ttsme» 
doc*  not  constitute  an  official  rodotvciftcct  or  approved  of  the  uw 
of  uxb  contsnetvtai  product* 


wasotDOf  aacHUD  mw 


Technical  Report  GL-94-14 
May  1994 


Geomorphic  and  Sedimentation 
Investigation  of  the  15  June  1991 
Eruption  of  Mount  Pinatubo, 

The  Philippines 


by  Monte  l.  Pearson 

U.S.  Army  Cope  cf  engineers 
Waterways  Experiment  Station 
3903  H£$s  Ferry  Road 
Vicksburg,  MS  39180*6199 

Kart  W.  Enhsen 

U.S.  Army  Engineer  District  Portland 
Hydraulics  and  Hydrology  Branch 
333  S.W.  Rrtt 
Portland.  OR  97304 


Accesion  For 

NTIS  CRA&i  jg 

DTIC  TAB  fj 

Unannounced  □ 

Justification 

% . 

Distub 

.  -  - 

>>tton  / 

|  Availability  Codes 

Dist 

&£ 

Avail  a.d  /  <y 

StHK.101 

Final  report 

App«ii«ldlorfM4tfeMiiM 


Prepared  lor  U.S.  Agancy  lor  Inlamaltoni  Development 

♦O*  MiWvjfi  MwIN)  ins  riW^pinM 


ftarson,  Monte  L 

Giomorphic  fcid  s*d»m«f<ateyi  tovwrtgaSior.  of  t*  1 5  June  1»1 
wupion  of  Mourn  Pfeiteufco,  ttte  Ptappifte»/byMota 

t08p  : i. ; 28cm.  —  (Ttohnicte teport ; GL-W-14) 
teidud^t  Sfcioyiphictf  wtewnon. 

t.  Mudfc*»  ■—  Philppiniw  —  Pfrmuto,  Mount  2.  Rnteuoo.  Moon;  — 
Eiupioa  i»i  3.  Qiomoiphotefly  —  PMBppfe**  —  PtaMtt.  Mount 
4,  StedtentertiteMon  «ir>ci  iSterwateiion  •>—  PtJjppln—  —  fHngtejbo,  Moont. 

I.  Britain,  Kiri  W.  H.  United  Staten.  Agircy  tor  Mterntetonte  Oitaot>- 
m*ni  tH.  US.  Anwy  Enptair  Wjten—y*  foyarimif?  Steflca  IV.TSle. 
V.  Steta:  Tochnicte  report  (US.  Amt  Engiiteif  Witemuyt  Exporiment 
Staton)  ;GL-$**14 
TA7W34«o.GUW-t4 


Preface 


The  U.S.  Army  Corps  of  Engineers  Portland  District,  was  authorized  by 
the  Economy  Act  (31  U.S.C.  1535}  tad  Section  632  of  the  Foreign  Assistiiwe 
ACT  (22  U.S.C  2357),  the  linH*d  States  Ag*sy  for  Isteraaiional  Dcvdf?- 
taeat  (USAID)  requested  the  Department  of  the  Army,  aaing  through  the 
U.S.  Army  Corps  of  Engineers  (USAGE)  to  prepare  a  comprehensive  Recov¬ 
ery  Action  Plan  (RAP)  for  Mount  Pmatubo,  Lie  subsequent  byurologk  events 
The  RAP  is  being  prepared  in  accordance  with  a  Participating  Agency  Service 
Agreement  (PAS A)  signed  on  18  June  1992  between  USAED/Philippines  ami 
the  Department  of  the  Army. 

This  investigation  was  begun  and  the  report  was  prepared  by 
MAI  Monte  L.  Person,  PhD,  U.S.  Amy  Engineer  Waterways  Experiment 
Station  (WES)  and  Mr.  Karl  W.  Efface,  U.S.  Army  Corps  of  Engineers 
Portland  District  fws  June  1992  to  March  1994.  Deta  were  collected  and 
analysis  was  conducted  by  die  authors.  Five  trip*  wore  made  to  the  study 
site.  Mount  Pmatubo,  The  Philippines,  durirg  the  study  period. 

This  report  was  inMiiUy  published  as  an  Appendix  B:  Sedimeetatioa 
Analysis  to  the  report  eatjtiad  'Mount  Piaaiubo  Recovery  Action  Han,  Long- 
Term  Report,*  published  in  March  1994  by  the  U  S.  Amy  Gap*  of  Engi¬ 
neers  Rutland  District,  and  utbenkud  to  the  Department  of  State  in 
March  1994. 

This  mvastigatiofl  was  performed  wader  fa  direct  supervision  of 
Messrs.  Ron  Maaoo,  Chief,  River  and  Coastal  Engineering  Branch,  and  Mike 
Rod.  Program  Manat  *,  U.S.  Army  Corpe  of  Engineers  Rutland  District, 
and  Jarry  Cornel),  Project  Manager,  U.S.  Amy  Engineer  Division,  Pacific 
Ocean;  and  Dr*.  W.  P.  Marcnaoe  01,  Director,  am d  Paul  F.  HadaU,  Assistant 
Dwacaor,  Geotechnical  Laboratory,  WES. 

At  fa  tone  of  paNkatk*  of  this  report.  Director  of  WES  was 
Dr.  Robert  W.  WUia.  Commander  was  COL  Bruce  K  Howard,  EN 
Commander  of  fa  U.S.  Amy  Ej^faer  District,  Portland,  was  COL  Chart* 
Him*.  EN. 
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MOUNT  PINATUBO 
RECOVERY  ACTION  PLAN 
LONG  TERM  REPORT 

TECHNICAL  APPENDIX  B 
SEDIMENTATION  ANALYSIS 

1.  INTRODUCTION 

A  catastrophic  eruption  of  Mount  Pinatubo  occurred  between  June  12  and  15.  1991.  By  tbe 
afternoon  of  June  15,  1991,  when  the  initial  eruption  phase  tenm*£!*d.  about  5.6  billion 
cubic  meters  (m*)  of  *'*sdium-  to  fine-grained  pyroclastic- flow  material  had  been  deposited  in 
the  upper  watershed  areas  around  Mourn  Pinatubo.  Another  1  cubic  kilometer  (km*)  of  ash 
covered  tbe  landscape  to  a  radius  of  more  than  40  ton  around  the  mountain  (Pierson  et  ai. , 
1992). 

Ral«fall~ranctff  has  rapidly  eroded  eruption  material,  causing  lahars  (hat  have  flooded  low- 
lying  areas.  Flooding  and  sedimentation  from  Mount  Pinatubo  Iahars  have  displaced  teas  of 
thousands  of  people  front  their  homes,  destroyed  bridge*  and  crops,  and  decreased  the 
amount  of  land  available  to  agriculture  m  the  lower  basin.  Several  baraspys  and  town 
centers  were  flooded  ami  burred  by  sediment  deposits  of  up  to  3  meters  deep.  Hundreds  of 
people  have  died  as  a  resub  of  the  eruption  and  its  aftermath. 

hi  October  1993,  heavy  rainfall  and  rapid  erosion  caused  about  21  km’  of  tbe  Sacobb  River 
basin  to  be  diverted  into  the  Pasig  River  basin.  This  huge  increase  in  Pasig  River  drainage 
area  is  very  likri*  to  cans?  f  tremendous  increase  in  sediment  yield  in  1994  and  beyond 
The  full  impact  of  this  basin  change  has  not  been  evaluated  for  this  report,  but  it  is  judged  to 
present  an  extreme  hazard  to  communities  along  the  Pas^-Potrero  River  and  also  to  endanger 
surroun-iiiig  areas.  Sediment  yields  and  libit?  In  the  Pasig  River  in  1994,  are  expected  to  be 
similar  to  those  experienced  in  the  Saootw  River  in  1991  or  1992.  Paiig-Potrero  River 
sediment  deposition  of  50  to  100  million  m5  b  considered  posubk  in  1994, 

1.1  Purpose 

Die  purpose  of  this  analyst*  is  to  assess  the  futurt  sedimeatasiuri  hazards  due  to  continuing 
erosion  of  tbe  1991  pyroeiasJc  deposits  around  Mount  Pinatubo.  A  sediment  yield  forecast 
it  presumed  for  each  bruii  containing  Urge  amounts  of  pyroclastic  material.  Die  areas  most 
likely  to  experience  sediment  deposition  were  also  identified.  Thai  itiomuim  is  used 
throughout  this  report  to  determine  future  damages,  plan  end  design  sediment  control 
measures,  and  to  oseas  the  potential  benefits  (economic  and  physical)  for  those  control 
measures. 


1.2  Study  Area 


Mount  Pinatubo  is  located  in  the  Zambales  Mountain  Range  on  the  west  coast  of  Central 
Luzon  in  the  Philippines,  approximately  100  km  northwest  of  Manila.  Eight  major  river 
basins  --  the  Gumain-Porac,  Pasig-Potrero,  Abacan,  Sacobia,  O’Donnell,  Bucao,  Maloma* 
and  Santo  Tomas-Marella  —  form  the  drainage  basins  around  the  mountain.  Before  the  1991 
eruption,  Mount  Pinatubo  stood  1 ,745  meters  above  the  sea  level.  The  eruption  reduced  the 
peak  elevation  to  some  1 ,520  meters  and  caused  major  perturbations  in  five  of  the  eight 
affected  basins,  filling  therp  with  volcanic  material  (see  Figure  B-l). 

The  principal  drainages  on  the  east  side  of  Mount  Pinatubo  include  the  Gumain-Porac,  Pasig- 
Potrero,  Abacan,  Sacobia  and  O’Donnell  basins.  The  O’Donnell  River  joins  the  Bulsa  River 
to  form  the  Tarlac  River,  which  flows  north  to  the  Agno  River  and  thence  to  the  Lingayen 
Gulf  (see  Appendix  A).  The  Gumain-Porac,  Pasig-Potrero,  Abacan  and  Sacobia  Rivers  drain 
the  remaining  eastern  section,  flowing  south  into  Manila  Bay  through  the  Pampanga  delta 
along  with  the  Pampanga  River. 

The  principal  west-side  drainages  include  the  Bucao,  Maloma  and  Santo  Tomas  basins.  The 
Bucao  is  the  largest  of  these  watershed  systems,  draining  approximately  656  km2  of  the 
northwestern  sector  «nd  ultimately  flowing  to  the  South  China  Sea.  Headwaters  of  the 
Maloma  and  Santo  Tomas-Marella  systems  originate  on  the  southwestern  sector  and  also 
drain  to  the  South  China  Sea  (see  Figure  B-l). 

1.3  1991  Eruption  of  Mount  Pinatubo 

Starting  in  April  1991 ,  a  series  of  minor  volcanic  eruptions  occurred  on  Mount  Pinatubo. 

The  culminating  phase  began  on  June  12,  climaxing  sometime  after  1400  hours  on  June  15 
with  a  violent  eruption  phase  (Pierson  et  al.,  1992)  -  a  classic,  catastrophic  chamber 
explosion  which  ejected  pyroclastic-flow  material  and  ash  into  the  atmosphere  and  deposited 
it  in  a  radial  pattern  onto  the  mountain  flanks  and  watersheds. 

The  eruption  left  thick  accumulations  of  pyroclastic-flow  material  in  most  of  the  volcano’s 
upper  basins.  The  Gumain-Porac  River  system,  the  southernmost  of  the  east-side  river 
complexes,  received  no  measurable  pyroclastic-flow  deposits,  but  its  upper  basins  were 
thickly  blanketed  by  airfall  ash.  On  the  west  side,  the  Maloma  River  headwaters  and  the 
upper  reaches  of  the  Santo  Tomas  and  Balin-Buquero  Rivers,  which  originate  approximately 
7  km  southwest  of  the  caldera,  received  only  minimal  initial  pyroclastic-flow  deposits,  but 
both  basins  were  blanketed  by  airfall  ash. 

During  the  eruption,  pyroclastic  flows,  fast-moving  mixtures  of  gas  and  tephra  particles, 
flowed  down  the  flanks  of  the  volcano,  tending  to  follow  existing  stream  valleys,  particularly 
on  the  east  side.  These  deposits  ranged  in  thickness  from  a  few  meters  to  as  much  as 
200  meters  in  the  deeper  valley  reaches  of  the  upper  and  middle  basins.  In  addition,  airfall 
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ash  accumulated  in  thicknesses  ranging  from  more  than  50  cm  near  die  crater  to  just  a  trace 
at  distances  of  JO  km  from  the  mountain.  Some  rock  fragments  (lithics)  from  the  former 
crater  as d  crater  wails  are  also  present  in  deposits,  generally  within  3  to  5  kin  of  the  new 
crater.  Inifk!  pyroclastic  flows  were  extremely  hot;  by  1992,  deposits  were  maintaining 
temperatures  in  the  300*  Celsius  range,  and  were  expected  to  bold  temperature  values  for  a 
number  of  years  (R.  Boblitt,  U  S.  Geological  Survey,  oral  communications,  1991  and  1992). 
The  1991  tephra  (pyroclastic  flow)  deposits  are  geologically  similar  to  deposits  observed 
elsewhere  from  other  recent  pitman  eruptions,  resulting  from  gas-charged,  highly  silicic 
magmas  moving  upward  in  the  cone  and  venting  through  the  existing  crater.  The  tephra 
produced  front  this  magma  type  is  lightweight  and  rich  in  pumice 

1.4  Regions!  Geology 

The  two  main  physiography  provinces  within  the  study  area  are  the  Zamhales  Moo  mam 
Range  and  the  Central  Luzon  basin. 

Mourn  Pfrotubo  is  located  in  Central  Lazot?  on  the  eastern  edge  of  the  Zambates  Mountain 
Range,  an  area  of  orogmk  uplift  extending  from  the  western  coastline  to  the  east  central 
lowlands  Superenposed  on  this  uplift  region  is  a  volcanic  are  composed  of  Piiocetse  to 
Quaternary'  composite  volcanoes,  cf  which  Mourn  fSnatubo  is  the  highest  and  youngest.  This 
volcanic  are  is  trenduig  north-south  parallel  to  and  probably  associated  with  the  offshore 
Manila  Trench,  a  subducikm  zone  in  the  South  China  Sea  that  dips  eastward!?  towards 
Luzon  The  Zambates  Range  is  underlain  by  dense  uUramaftc  rocks  knows  «  the  Zamhates 
Ophkdite  Complex  (Delita,  i  *84).  These  “Tihrotkes  consist  of  predominantly  perkiotite- 
basalt  ruck  suites  rich  in  serpemine.  chlorite,  epkkxc  amt  other  low-grade  metatnotphic 
tukeraU.  Minor  mUmamry  units  also  exist  withiu  the  ttratipKp&k  column. 

Bast  of  Mount  PuuZubo  lies  a  sadiron-filled  tkpresskm  SO  km  wide  knows  as  the  Central 
Luzon  basin  (Deffkt,  19&4;  see  Figure  B-l),  bounded  on  the  west  by  the  Zamlwfcs  Range 
ami  on  the  east  by  the  Southern  Sierra  Madre  Range,  xml  extendutg  from  Manila  in  the  south 
to  the  Ungayen  Gulf  in  the  north.  The  oldest  sequence  of  sedimentary  units  on  the  wciten* 
flank  of  this  basin,  adjacent  to  the  foothills  of  the  Zambates  Range,  consists  of  essentially 
fUMyiog,  uttdefoiimoi?  tele  Boceoe  rocks  that  directly  overlie  the  Zambaks  Ophiolite 
Complex.  Most  of  the  sediments  filling  the  Central  Luzon  basin  are  v okankaUy-deri ved 
alluvial  taaaariaii  composed  uuiaiiy  of  loosely  compacted  gravels  and  sands 


1.4.1  Historic  Eruption  Deposits.  Mount  Pinatubo  is  a  composite  andesitic  volcano. 
The  present-day  homblende-dacite  dome  is  constructed  upon  older  sedimentary  and 
ultramafic  strata.  Underlying  older  volcanic  rocks  consist  mostly  of  andesitic  agglomerates, 
tuff  breccias  and  tuffaceous  sandstones  interspersed  with  andesitic  or  basaltic  flow  rocks. 
These  strata  are  much  older  than  the  pyroclastic-flow  deposits  that  covered  the  mountain’s 
flanks  at  the  time  of  the  1991  eruption. 

Mount  Pinatubo ’s  flanks  are  draped  by  massive  pyroclastic  deposits  from  a  number  of  past 
eruptive  events,  each  of  which  produced  significant  volumes  of  unconsolidated  volcanic 
debris.  At  least  two  prior  eruption  episodes  have  been  documented  from  existing  pyroclastic- 
flow  deposits  (Delfin,  1984).  The  youngest  is  estimated  to  be  600  years  old  and  Carbon  14 
dating  on  woody  material  found  within  the  deposits  have  identified  older  eruptive  phases  at 
2,600  to  8,000  years  before  the  present  (Pierson  et  al.,  1992).  Fluvial  erosion  has  highly 
dissected  these  older  pyroclastic  deposits.  Fluvial  processes  transported  the  volcanic  material 
from  the  upper  basins  onto  the  lower-gradient  alluvial-fan  complex  surrounding  the 
mountain.  Pre-eruption  channels  were  broad  braided  systems  transporting  high  volumes  of 
sediment  (JICA,  1978)  from  the  eastern  fan  apex  more  than  30  km  to  the  distal  reaches 
coalescing  from  the  Pampanga  River  delta  landward  of  Manila  Bay.  West  side  channels 
were  also  transporting  large  volumes  of  sediment  prior  to  1991  (Alejandrino  et  al,  personal 
communications,  1993). 

1.4.2  1991  Eruption  Deposits.  The  1991  pyroclastic  flow  deposits  are  massive 
poorly  sorted  units,  tens  of  meters  thick  and  generally  very  non-cohesive.  Stratification  is 
common  within  these  thick  units.  Initial  pyroclastic-flow  deposits  were  emplaced  as  a  series 
of  flow  events.  Stratification  differences  resulted  from  various  crater  explosions  at  different 
locations  around  the  mountain  and  in  each  upper  basin. 

Numerous  samples  of  the  1991  pyroclastic-flow  deposits  and  1991-1992  lahar  deposits  were 
taken  in  several  of  the  basins  during  the  1992  rainy  season  and  1992-1993  dry  season  as  pan 
of  this  study,  and  were  analyzed  for  gradation  and  bulk  density.  Gradation  testing  showed 
the  pyroclastic  deposits  to  be  typically  composed  of  about  75  percent  sand  sizes  with  10  to 
15  percent  silty  fines  and  10  to  15  percent  coarse  sizes  (greater  than  about  5  mm).  Bulk 
densities  ranged  from  about  1.8  to  2.6  kg/m3  with  an  average  of  about  2.3  kg/m3.  Visual 
observations  in  the  field  show  the  older  pyroclastic  and  lahar  deposits  to  be  similar  to  the 
1991  deposits,  but  more  consolidated  with  age  and  burial.  Greater  consolidation  thus 
increases  resistance  to  erosion.  Weathering  also  forms  clay  minerals  that  increase  the 
cohesive  strength  of  the  sediment  and  its  resistence  to  erosion.  The  600-year  old  deposits 
appear  nearly  identical  to  the  1991  pyroclastic-flow  deposits,  generally  discernible  only  by 
the  well-developed  vegetation  on  the  top  surface.  Still  older,  more  weathered  and  more 
dense  pyroclastic  deposits  were  also  observed,  presumably  representing  the  eruptive  episode 
of  about  2,000  years  ago.  These  deposits  are  noticeably  more  resistant  to  lateral  erosion  than 
the  younger  deposits  due  to  their  greater  consolidation.  Since  the  lahar  deposits  are  derived 
from  the  pyroclastic  deposits,  they  have  similar  characteristics  except  that  the  coarser 
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fragments  tend  to  be  segregated  at  the  tops  of  individual  flow  sheets  v  separated  fstxxs  the 
main  deposit  because  of  their  low  density;  thus  in  general  the  coarse  fraction  is  significantly 
smaller  in  the  lahar  deposits.  Gradation  tests  in  samples  of  the  Mat  deposits  generally 
showed  a  compositioo  of  about  95  percent  sand  size  or  finer. 

1.4.3  Current  Vok-antr  flaanfe.  Mount  Pinatubo  has  settled  into  a  period  of 
reduced  eruptive  activity  following  the  major  eruption  of  June  1 991 .  This  pattern  is  similar 
to  the  historical  pattern  of  similar  volcanoes.  Current  activity  at  the  mountain  consists 
mostly  of  periods  of  dome  growth  accompanied  by  occasional  small-scale  explosive  events. 
Earthquake  activity  fluctuates,  with  many  phases  of  tow-frequency  tremors.  While  the 
mountain  is  still  active,  another  very  large  eruptive  event  is  not  probable  during  the  next  few 
years.  Meanwhile,  significant  hazards  from  Urn  1991  eruption  still  exist  for  those  living  am) 
working  near  the  volcano.  The  lahar  hazard  is  still  very  high,  especially  during  the  monsoon 
season,  and  will  continue  to  be  a  significant  hazard  for  many  years  to  come.  Occasional 
ashfalls  may  yet  occur  in  conjunction  with  secondary  eruptions  and/or  phreatic  explosions, 
decreasing  in  frequency  and  magnitude  with  time.  There  las  been  a  marked  reduction  in  the 
reported  number  of  explosive  events  from  1991  to  1993. 

Secondary  pyroclastic-flow  events  represent  a  emtisamg  and  significant  hazard,  particularly 
during  the  rainy  season.  The  random  occurrence  and  size  of  secondary  pyroclastic  flow 
materials  make  sediment  yield  and  *mpec*  predictions  extremely  difficult,  but  these  will 
ucvestheisss  be  discussed  in  the  basin  analysis.  Phreatic  captations  appear  linked  to 
secondary  pyroclastic-flow  everts  (exactly  how  is  unknown  at  this  time)  but  in  themselves 
are  not  a  major  factor  in  sediment  production.  They  art  spectacular,  reaembimg  small 
volcanic  eruptions,  but  in  the  outyears  they  will  be  a  non-factor. 

li  Ktkponal  Climate 

Mount  Pinaiubo  is  located  approximately  15*  N  latitude  on  the  west  coasts)  area  of  Cento) 
Luzon.  A  tropkal  climate  dominates  during  the  Northeast  Monsoon  season  (November 
through  May).  The  Southwest  Monsoon  season  doatiaties  during  the  summer  months  (frmc- 
October).  This  seasonal  airflow  reversal  remits  m  a  two-season  condition.  The  Southwest 
Monsoon  generates  typhoons  (high  winds  and  heavy  ram)  and  associated  seme  weather 
renditions.  Eighty  percent  of  the  region’s  rain  falls  trout  June  through  September.  This  wet 
season  coincides  with  the  time  of  year  when  intense  tropical  stotm*  are  spawned  kj  the  lower 
latitudes  of  the  Fatiftc  Ocean  and  pass  dose  to  the  py^phte  Islands.  Data  available  from 
the  Philippine  Atmospheric,  Geophysical,  «s4  Asoueomkal  Services  AdiaMsratioo 
(PAGASA)  indicate  that  between  1948  mid  1991,  a  yearly  average  of  lb  tropica)  cyclrases 
(tropical  defmatiaat,  tropical  mxm  or  typhoons)  affect  weather  conditions  ha  dr*  regbn 
(Northwest  Hydraulic  Consnhaati  Sac..  1993).  i mease  taeatisad  tniafcli  is  associated  with 
the  major  ceils,  which  produce  severe  sad  intense  stores  over  a  smell  geographical  area. 

On  average,  the  erst  side  of  the  volcano  receives  km  rainfall  than  the.  west  tide.  Nero 
Mount  Pmacnbo,  ties  annual  aiafeB  varies  from  a  tow  of  about  1*700  mm  at  Clark  Air  -Base. 


Pampanga,  on  the  east,  to  more  than  3,700  mm  at  Iba,  Zambales,  on  the  west.  Additional 
climatological  data  are  provided  in  Appendix  A. 

1.6  Regional  Topography 

1.6.1  Upper  Basins/Headwaters.  Prior  to  the  initial  phase  of  volcanic  activity  in 
April  1991,  Mount  Pinatubo  stood  some  1,745  meters  above  sea  level.  The  upper  basin 
slopes  had  a  dense  drainage  network  with  channels  incision  from  100  to  150  meters  deep. 
Crater  wall  slopes  rangedfrom  2(f  to  65°  (Pierson  et  al.,  1992),  with  channel  gradients  of 
up  to  400  m/km.  Streams  flowed  through  steep,  narrow  valleys  with  channel  slopes  of  0.02 
to  0.10  m/m.  This  upper  basin  area  was  densely  covered  by  shrubs  and  tall  grass  before  the 
eruption  phase.  Eight  major  watersheds  drained  these  slopes  through  the  transition  reach, 
before  exiting  onto  the  alluvial  fan  and  flowing  to  the  delta  or  sea. 

1.6.2  Transition  Reach.  This  reach  includes  areas  within  the  older  pyroclastic 
deposits  and  the  upper  parts  of  the  alluvial  fans.  Pre-eruption  channels  incision  ranged  from 
60  to  100  meters  upstream  end,  to  only  a  few  meters  at  the  downstream  end.  Channel 
gradients  through  this  area  flatten  to  about  0.01  to  0.02  m/m  at  the  fan  apex  (about 

200  meters  elevation  above  sea  level)  with  a  corresponding  increase  in  vegetation  density  and 
diversity.  Crops  include  sugar  cane,  cassava,  and  maize.  On  the  west  side,  the  Bucao  and 
Santo  Tomas  transition  reaches  are  characterized  by  a  mid-  to  upper-slope  channel  complex, 
controlled  by  the  north-south  trending  mountain  range. 

1.6.3  Lower  Alluvial-Fan  Complex.  A  broad  alluvial-fan  complex  surrounds  Mount 
Pinatubo  (see  Figure  R-l),  with  the  highest  degree  of  geomorphic  development  and 
complexity  in  the  eastern  sector.  The  highest  population  density  and  agricultural  diversity  are 
also  on  the  east  side.  The  Gumain-Porac  Rivers  drain  an  area  south  of  the  mountain, 
flowing  across  the  southeastern  portions  of  the  alluvial-fan  complex.  The  east-central  and 
northeastern  sectors  of  this  fan  complex  are  dissected  by  the  Pasig-Potrero,  Abacan,  and 
Sacobia  Rivers.  The  northernmost  portion  is  affected  by  the  O’Donnell  River.  Channels  are 
confined  by  natural  banks  of  not  more  than  a  few  meters,  except  where  the  streams  have 
been  channelized.  Channel  gradients  range  from  near  0.02  m/m  in  the  upper  reaches  to  as 
little  as  0.0001  m/km  to  0.0002  m/m  in  the  delta.  Channels  are  broad  braided  systems 
covering  large  geographical  areas  and  transporting  fine  sediment  to  the  delta. 

Geomorphically,  the  west  side  alluvial  fans  can  be  divided  into  the  similar  physiographic 
sections,  but  different  geologic  events  have  created  a  different  landscape.  The  north-south 
trending,  westernmost  mountains  of  the  Zambales  Range  separate  the  upper  fan  from  the 
smaller  lowland  area.  This  lowland  alluvial-fan  complex  is  best  described  as  a  coastal  fan 
complex. 


/ 
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1.  SEDIMENTATION  ANALYSES  AND  METHODOLOGIES 


The  sedLmeuration  analysis  for  Mourn  Piaatubo  use ,  methods  developed  by  the  Corps  of 
Engineers  dating  its  work  on  the  Mount  St.  Helens  recovery  program  (Corps,  1984  and 
1985).  The  analysis  involves  three  main  composes  ts:  1)  definition  of  the  geomorphic 
processes  active  within  the  basins,  2)  a  sediment  yield  forecast,  and  3)  a  sediment  deposition 
forecast.  ’Sach  cotnpc&e&t  involves  a  combination  of  photogrametric  analysis,  field 
investigations,  literature  reviews,  and  consultation  with  other  engineers  and  scientists.  This 
section  outlines  the  methods  used.  The  general  results  of  these  analyses  are  discussed  in 
Chapter  3,  and  basin  specific  results  are  presented  in  their  respective  chapters. 

2.1  GoawifUc  Analysis 

Ttw  pomoephic  analysis  involved  identifying  the  physical  processes  actively  reshaping  the 
pyroclastic  deposits,  and  rtetercunir^  the  importance  of  each  one  to  long-term  sediment 
production  Aerial  photographs,  both  vertical  and  oblique,  taken  of  the  pyroclastic  deposits 
in  1991 ,  <992,  and  1993  were  studied  to  identify  active  geomorphic  processes.  The 
processes  toentifsed  were  phreatic  nqJo&kvas,  secondary  pyroclastic  flows,  lake  formation 
and  failure,  and  rid,  gully  and  chare)  erosion. 

211  gfcnfinpMMgiif;  (*atf  The  obot^rapfc*  aod  field  observations  indicated 
that  vh*ra*5  erosion,  lake  formation  mi  failure,  ton  secondary  pyroclastic  flows  were  the 
major  factors  in  sedrere  protection  A  topog&phic  anaiyxfe  was  oooductad  to  determine 
the  magnitude  of  each  process  and  the  volume  of  the  pytoc!**k  deposits.  Pre-eruption 
topography  was  obtained  from  1:50,000  sesfe,  Ifks  contour  maps  prepared  by  the 
Detee  Mapping  Agency,  Washington.  D  C.  Pod -eruption  tomography  was  produced  from 
November  1992  aerial  photography  supplied  by  USAti>Maaila.  The  volume  of  1991 
pyroclastic  deposits  was  measured  try  comparing  the  preemption  topography  to  the 
immediatg  potHnuptioo  suffice.  Oo  the  cast  side,  pro-  and  putt-eruption  valley  cross 
sections  were  prod need  and  the  pyroclastic  volumes  soGpmed  osing  the  dottle  end-area 
method.  Oe  the  west  fids,  digital  terrain  models  (CTMs)  we*e  prepared  for  the  Santo 
Tomas  and  Bueao  bastis.  The  pro  and  poa-ereptioo  VTKs  were  then  merged  in  a  Unix- 
based  computer  workstation  sad  the  pyroclastic  dtposir  vetenrs  were  computed.  Channel 
d&neroams  and  eroston  vetaes  were  obtained  fossa  pc^-eruption  cross  sections.  Volumes 
for  some  of  the  aecsakry  pyroclastic  flows  were  also  computed. 

2.1.2  Imtietim-  FWd  visits  were  made  to  each  basin  to  verify  the  pro'tss 
ooBcMstomi  tad  define  smaller  scale  features.  Bab  visual  methods  and  goo-pc*itkxiiftg 
systems  were  used  to  locale  field  sites.  Spot  trensootto  were  made  of  active  channels, 
channel  slopes,  and  terrace  formations.  Soil  samples  were  taken  and  material  types  in  and 
a&fceat  to  the  chanaati  were  noted.  Soil  temperatures  were  observed  but  not  measured. 
During  the  field  visits,  specific  raveatigatioas  inchutod  channel  desctiptioni,  comparative 
i^Wwiimw  to  mriace  and  coadhiQai  bet^Wf*  the  initial  pyrochutic  deposits  and  the 


secondary  pyroclastic  flow  areas,  flow  and  deposition  characteristics  of  secondary  pyroclastic 
flows,  and  the  formation  and  failure  of  lakes. 

2.1.3  Literature  Review.  The  geomorphic  processes  at  Mount  Pinatubo  were 
compared  to  those  at  other  volcanoes  and  to  other  research  results  available  in  the  literature. 
The  rapid  channel  evolution  at  Mount  Pinatubo  was  compared  to  that  at  two  other  volcanoes, 
Mount  St.  Helens  (Meyer  and  Dodge,  1988)  and  Mount  Mayon  (Rodolfo  and  Arguden, 

1991)  to  help  identify  limiting  factors.  The  conclusions  of  the  Mount  Pinatubo  studies  were 
compared  to  the  results  of  laboratory  experiments  on  channel  evolution,  presented  by 
Schumm,  et  al  (1987).  Although  the  secondary  pyroclastic  flows  occurring  at  Mount 
Fmatubo  were  not  found  elsewhere,  work  on  coal  spoils  in  Canada  (Sasitharanand  et  al., 

1992)  provided  some  information.  The  conclusions  of  the  geomorphic  analysis  were  also 
discussed  with  representatives  of  the  U.S.  Geological  Survey  (USGS),  Philippine  Institute  of 
Volcanology  and  Seismology  (PHTVOLCS),  and  outside  consultants. 

2.2  Sediment  Transport  Analysis 

2.2.1  Objectives.  The  overall  objective  of  the  sediment  transport  analysis  was  to 
develop  an  understanding  of  the  processes  sufficient  to  forecast  future  hazards.  Standard 
methods  of  analysis,  such  as  streamflow  and  sediment  transport  measurements  and  computer 
modeling  were  generally  not  used  in  this  study.  The  extreme  sediment  transport 
concentrations  in  the  lahars  precluded  the  direct  application  of  sediment  transport  models  and 
the  limited  scope  of  this  study  did  not  allow  for  data  collection.  However,  the  magnitude 
and  mechanics  of  the  sedimentation  problems  allowed  for  a  more  generalized  approach  based 
on  consultation  with  other  experts,  limited  field  investigations  and  aerial  photography. 

2.2.2  Transport  Processes.  The  significant  transport  processes  were  initially 
described  by  PHTVOLCS  and  USGS  personnel,  and  other  observers,  who  were  on  site  during 
the  1991  rainy  season  (Punongbayan  et  al.,  1991;  Janda  et  al.,  1991;  and  Umbal  et  al.. 

1991).  They  described  mudflows  causing  several  meters  of  channel  aggradation  in  a  single 
day.  During  the  initial  phase  of  the  study,  the  sediment  transport  processes  were  defined  as 
muddy  water,  hyperconcentrated  flow,  and  mudflows. 

During  subsequent  field  visits,  muddy  water  and  hyperconcentrated  flow  conditions  were 
observed  in  several  rivers,  but  fate  did  not  allow  direct  observation  of  mudflow  conditions. 
Discharge  and  sediment  transport  measurements  could  not  be  made  because  of  the  diffk  !t 
river  conditions  and  limited  study  scope.  Additional  observations  of  transport  pnocesse:  were 
provided  by  PHTVOLCS  (Daag  and  Tungol,  personal  communication,  1992),  Zambales 
Lahar  Scientific  Monitoring  Group  (ZLSMG)  (Rodolfo  and  Umbal,  personal  communication, 

1993) ,  Dolan  (personal  communication,  1993),  and  others  throughout  the  study.  A  limited 
amount  of  sediment  transport  concentration  data  for  muddy  water  conditions  was  obtained 
from  the  Philippines’  Bureau  of  Research  and  Standards  (unpublished).  Mudflow 
concentration  data  for  three  events  in  1992  were  provided  by  ZLSMG  (Rodolfo,  written 
communication,  1993). 


Sediment  transport  calculations  were  made  for  were  basins  to  estimate  tong-term  potential 
erosma/deporitioa  conditions  downstream  of  the  hypercorwcotrated  flow  and  mudflow  zones. 
On  die  basis  of  experience  at  Mount  St.  Helens  (Eriksea,  1989),  Yang’s  sediment  transport 
equation  was  used  for  these  calculations. 

2.2.3  ftptfigigpt  Deposition.  During  initial  field  trips  in  September  1991  and 
February  1992,  muddy  water,  hypcrooncentrated  flow,  and  mudflow  deposits  were  identified. 
On  subsequent  visits,  deposits  from  each  of  the  three  sediment  transport  processes  were 
examined  in  the  field.  During  field  visits,  deposition  areas  were  photographed  and  deposit 
depths  wore  estimated.  Field  data  and  aerial  photographs  were  used  to  map  the  extent  of  the 
different  deposits.  In  November  1992,  a  field  trip  was  made  for  the  express  purpose  of 
examining  August  and  September  1992  mudflow  deposits  in  the  Fuig-Fotrero  and  Sacobta- 
Bambcn  rivers. 

23  Sediment  Forecasts 

After  an  understanding  of  the  active  processes  was  developed,  the  next  step  *»*  to  prepare  a 
sediment  yield  forecast.  The  key  dements  in  the  forecast  are  the  sediment  available  for 
rapid  erosion,  the  initial  rate  of  erosion,  and  the  predicted  rate  of  decline  in  sediment  yields. 

2.3. 1  Sftdimfim  Avaihhfc  The  geomorphic  analysts  determined  that  the  extremely 
high  sediment  yields  were  the  result  of  rapid  channel  erosion  (many  times  higher  than  pre¬ 
emption  levels,  with  transport  occurring  as  hyperaoasntiafied  flow  or  mudflows)  and  that 
these  high  yields  would  continue  until  the  main  channels  readied  a  “sable*  sc^^^ti^i^iai 
geometry.  Judgments  were  made  about  the  dimensions  that  each  mam  channel  would  hive 
when  it  ranched  a  "stable”  coadstioo,  based  on  the  geomoiph&  analysis,  preemption  channel 
dimensions,  hydrology,  and  local  geologic  conditions  The  “stable"  channel  dunensioitt  were 
plotted  on  1992  channel  cross  sections  and  the  tedsmet*  available  for  rapid  erosion  was  the 
material  remaining  within  the  boundaries  of  the  "oabte*  main  channels. 

To  forecast  the  potential  sediment  yield  from  secondary  pyroclastic  flows,  sites  with 
topographic  and  geologic  dwacfcfiaki  similar  to  previous  secondary  pyroclastic  flows  sites 
were  identified  and  potential  volumes  computed.  Where  appropriate,  the  volumes  were  then 
added  to  the  sediment  available  from  the  main  rhaanri*  to  amve  at  the  total  sediment 
available  for  rapid  eroaioo. 

2.3.2  ffftfi*  Pftf*  The  next  step  in  developing  the  sediment  yield  forecast 
was  to  determine  what  the  initial  average  annual  sediment  yield  would  be  for  the  first  year. 
This  was  done  by  multiplying  the  average  annual  mom  runoff  by  an  average  sediment 
transport  concentration,  the  mom  nmoff  vohmie  mb  approximated  by  the  volume  of  the 
upper  10  percent  time  perfod  of  the  flow-duration  curve  for  each  of  the  pyroclastic  drainages 
(computed  during  die  hydrologic  analysis  described  in  Appendix  A).  An  average  sediment 
transport  concentration  daring  stem  runoff  had  to  be  estimated  from  field  observations  and 
dteouimont  with  USGS,  KlVOlcS,  mad  ZLSMG  personnel,  as  no  suitable  data  were 


available.  A  sediment  transport  concentration  range  of  25  to  30  percent  by  volume  was 
considered  representative  of  the  average  storm  runoff  concentration.  While  concentrations 
have  been  higher,  this  figure  near  the  middle  of  the  hyperconcentrated  flow  range,  seems  to 
reflect  an  overall  average. 

2.3.3  Sediment  Yield  Forecast.  Using  the  initial  average  annual  yield  as  a  starting 
point,  the  total  sediment  available  was  then  distributed  over  time  to  generate  the  sediment 
forecasts.  Annual  sediment  yields  for  each  succeeding  year  were  generally  proportioned 
downward  according  to  the  ratio  between  the  amount  of  available  sediment  remaining  and  the 
initial  sediment  available. 

2.3.4  Sediment  Deposition  Forecast.  Sediment  deposition  investigations  also  utilized 
field  visits,  aerial  photography,  and  discussions  with  PHTVOLCS,  ZLSMG,  and  USGS  staff. 
In  addition,  there  were  discussions  with  DPWH  staff  and  a  limited  number  of  river  cross 
sections  surveyed  by  PH3VOLCS. 

Sediment  deposition  was  found  to  be  governed  by  the  transport  mechanism  (muddy  water, 
hyperconcentrated  flow  or  mudflow)  and  die  local  topography.  The  type  and  location  of 
deposition  caused  by  each  transport  mechanism  was  identified  in  the  field.  Topographic 
maps  were  used  to  delineate  areas  threatened  by  each  process.  For  purposes  of  economic 
analysis,  the  potential  deposition  reaches  were  divided  into  inner  and  outer  zones,  and 
probabilities  of  being  impacted  were  assigned. 

2.3.5  Storm  Event  Sediment  Yields.  Sediment  yields  were  computed  for  large, 
infrequent  storm  events  fojr  use  in  designing  sediment  control  measures.  Sediment  volumes 
and  water-plus-sediment  peak  discharges  w ere  estimated  at  each  sediment  control  measure 
site.  The  upstream  basin  area  and  clear  water  flows  at  each  site  were  obtained  from  the 
hydrologic  analysis  presented  in  Appendix  A.  Calculations  were  made  using  the  peak 
discharge  and  the  highest  3-day  volume  for  the  2-,  10-,  50-,  100-,  and  500-year  storm  events 
in  each  basin. 

Sediment  concentration  data  do  not  exist  for  large  storm  discharges  on  any  of  the  impacted 
rivers.  Therefore  the  sediment  concentrations  were  assigned  on  the  basis  of  watershed 
conditions  and  the  type  of  sediment  transport  mechanism  expected  at  each  design  she.  In  the 
rivers  with  pyroclastic  deposits,  at  sites  where  mudflows  were  expected,  a  concentration  of 
67  percent  by  volume  was  assigned  to  the  peak  discharge 


and  peak  day  volume,  and  a  concentration  of  40  percent  by  volume  was  assigned  to  the  next 
highest  2-day  volumes.  At  sites  downstream  of  die  mudflow  zones,  a  concentration  of 
40  percent  by  volume  was  assigned  to  discharges  for  the  peak  and  the  three  highest  days.  A 
concentration  of  10  percent  by  volume  was  assigned  to  discharges  from  basins  having  no 
pyroclastic  deposits. 
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This  method  provides  for  very  Ssige  sedimeal  yields  during  irfrequeot  storm  events.  As  time 
pisses,  (lie  same  gcocnorpbic  processes  that  reduce  inmial  sediment  yields  will  also  work  to 
lower  the  sediment  transport  concentrations  during  storm  events.  The  concentrations  used 
provide  appropriately  high  volumes  for  design  of  control  msiaire*. 


2.4  Sediment  Dartributftto  Modd 

2.4. 1  General.  A  sediroeat  distribution  model  was  developed  for  each  basin  to 
provide  input  to  the  economic  analysis.  The  model  simulated  erosion  of  the  pyroclastic 
material  by  storm  events  and  routed  the  sediment  downstream  until  it  was  deposited  or 
discharged  by  the  rivers.  The  model  uses  Monte  Carlo  simulation  involving  numerous 
iterations  to  incorporate  some  of  the  mutual  vitiations  and  knowledge  uncertainties  of  the 
sedimentation  processes. 

2.4.2  Viftkta  Sediment  yield  functions  were  developed  to  account  for  the 
sediment  available  and  poceti&i  erosion  rates  described  above.  The  rainfall/ runoff  (unction 
provided  for  a  normal  distribution  of  annual  storm  events,  centered  around  the  storm  runoff 
analysis  described  in  section  2.3.2.  Secondary  pyroclastic  Hows  were  assigned  probabilities 
of  occurrence  and  potential  volumes  that  could  be  added  to  the  sediment  available  for 
erosion.  Sediment  concentrations  were  a  function  of  runoff  and  aediaent  availability,  with 
the  first  year's  sediment  transport  concentration  averaging  approximately  25  to  30  percent  by 
volume.  The  maximum  sediment  concentration  for  any  tiotm  event  was  limited  to  60 
percent  by  volume. 

2.4.3  Sediment  niflrihtuinn  Sedbaent  yields  were  distributed  throughout  the  river 
basins  as  functions  of  sediment  transport  concentration,  flow  depth,  bask  height  remaining, 
levee  conditions,  and  topography.  Deposition  in  the  channel  was  controlled  directly  by  the 
inflowing  concentration,  but  overbtak  distribution  also  involved  probability  functions  for 
levee  failure  and  flow  paths.  The  probability  of  a  hazard  zone  being  impacted  was  b*red  on 
the  results  of  the  analysis  described  in  section  2.3.4. 


2.4.4  Model  Limitations  and  Results.  As  noted  above,  this  model  is  a  simulation 
model,  the  sediment  forecasts  from  the  model,  approximately  imitate  the  sediment  forecasts 
presented  in  this  report.  The  Monte  Carlo  simulation  provides  a  statistical  representation  of 
the  possible  natural  variations  in  sediment  yields  that  are  useful  in  assessing  the  potential 
damages  or  economic  benefits.  The  internal  formulation  of  the  model  is  not  physically 
based,  so  the  model  can  not  be  used  as  an  analytical  tool.  The  results  from  the  model 
provides  at  least  some  indication  of  the  variations  that  can  be  expected  in  the  sediment  yields 
and  distribution.  Those  variations  are  reflected  in  the  economic  analysis  presented  in 
Appendix  C  which  can  be  obtained  from  the  U.S.  Army  Engineer  District,  Portland,  or  the 
Department  of  State. 
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3.  OEOMOBPHIC  DEVELOPMENT  AND  & 

3.1  General 

The  1991  eruption  left  S.6  billion  m‘  of  pyroclastic  flow  deposits  in  the  upper  watershed 
around  Mount  Pinatubo.  The  deep  river  valleys  near  the  mountain  were  filled  with  up  to  200 
in  of  deposits.  Since  their  emplacement,  these  pyroclastic  deposits  have  experienced  rapid 
geomorphic  changes.  The  formation  and  subsequent  erosion  of  channels  in  the  deposits  have 
caused  many  lahars  that  have  done  extensive  damages  in  the  populated  arms  lower  in  the 
basins.  Secondary  pyroclastic  flows  and  phreatic  explosions  have  reshaped  the  deposits,  but 
tneir  impacts  have  generally  been  limited  to  upper  basins. 

3J  FyradHik4b«  Deposits 


3.2.1  i&nplwymcat.  Pyroclastic  flows  are  formed  from  the  combination  of  hot 
volcanic  clasts,  lithic  rock  fragments,  and  gases  traveling  down  the  volcano’s  flanks  at 
gravity-induced  velocities  of  10  to  300  meters  per  second  (Carey.  1991).  Under  the 
influence  of  gravity  pyroclastic  flows  produce  thick  and  geognpitkally  widespread  deposits. 
Most  of  the  pyrockutfiC’fldw  material  from  the  initial  (June  15)  eruption  was  emplaced 
between  $  km  and  15  km  from  the  new  enter  (tee  Figure  B-2).  Only  a  thin  veneer  of  new 
material  was  retained  on  the  upper  3  to  5  km  of  the  crater's  flanks. 

Incised  valleys  in  Mount  Pioarubo’s  upper  basin  amts  appear  to  have  had  a  dkx*  influence 
on  flow  and  &pt»kiaiial  patterns.  The  high  velocity  pyroclastic  flows  appear  to  have 
crossed  the  (ugh,  flat  plateaus  and  accumulated  in  the  deep  valleys.  Only  a  thin  deposit  of 
pyroclastic  and  airfall  ash  materials  remained  on  the  plateau  surfaces.  Deposits  in  the  upper 
valleys  surrounding  Monet  Pinatubo  range  from  200  meters  thick  in  the  proximal  area  to  50 
meters  thick  at  the  distal  areas.  Thoae  deposits  tend  to  be  massive  poorly  sorted  units,  tens 
of  meters  thick  and  generally  very  aoc  cohesive.  Stratification  is  ooftnwflfl  the 
material  was  empteed  by  a  series  of  flow  events.  Stiatifratioo  differences  resulted  from 
differing  Mptmyrf  from  the  enter  and  varying  geographical  locations 

Topographical  lows  in  the  crater  rim  sector  may  have  influenced  the  pyroclastic  flow  vectors. 
Prior  to  the  eruption,  a  huge,  deep  low  existed  in  the  northwest  side  of  Mount  Pinatubo 
Nearly  half  of  the  total  accumulation  of  pyroclastic  flow  deposits  we  located  in  this  sector. 
During  the  eruption,  smaller  typographical  lows  flamed  in  the  rim  at  the  heads  of  the  other 
basins  containing  tog?  pyroefattk  deposits. 


3.2.2  Eyflpeks&J 
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deposits  consist  predominantly  of  sand-sized  particles  which  are  angular  and  composed 
primarily  of  quartz,  volcanic  glass,  feldspar,  am)  other  high-siiica  minerals  consistent  with  a 
dacitic  magma  source.  The  pyroclastic  deposits  are  10  to  15  percent  pumice,  ranging  from 
fine  gravel  to  boulder  sizes,  and  10  to  15  percent  non -plastic  fine  material.  The  deposits  arc 
unconsolidated  and  massive.  The  older  pyroclastic  deposits  are  similar  except  that  they  are 
somewhat  weathered  and  appear  to  be  well  consolidated  with  a  higher  clay  component. 


Material  deposited  on  the  flanks  of  the  volcano  consists  of  ash,  roc kf ail  and  pyroclastic 
material  from  secondary  crater  eruptions  occurring  after  June  15,  1991 .  Deposits  of  lilhic 
cobbles  and  boulders  can  also  be  found  in  these  areas. 


3.2.3  fopnndary  Pyroclastic  Flows.  Secondary  pyroclastic  flows  i»re  na*ss 
movements  of  material  that  have  occurred  after  emplacement  of  the  primary  pyroclastic 
deposits.  Figure  B-3  shows  the  general  location  in  the  basins  of  these  major  mass 
movements.  Two  features  common  to  most,  but  not  all,  secondary  pyroclastic  flows  are; 
failure  scarps  at  points  of  cotra*  between  pre-emption  valley  walls  or  channel  surfaces  and 
the  initial  pyroclastic  flow  deposit,  and  deeply  eroded  channels  across  the  toe. 

The  triggering  mechanisms  and  flow  mechanics  of  secondary  pyroclastic  flows  are  still 
poorly  understood.  They  evidently  tend  to  occur  during  the  rainy  season.  Perhaps 
infiltration  of  rainwater  adds  enough  weight  to  the  deposits  that  the  shear  strength  of  the  soil 
is  exceeded.  Liquefaction  might  also  be  a  triggering  mechanism,  even  though  the  material 
has  a  low  water  content  The  investigations  of  Sashharanand  e*  *J  (1992)  into  catastrophic 
flows  of  well -drained  coal  spoils  in  Canada  indicate  that  as  little  as  10  percent  water  by 
volume  may  be  enough  to  induce  flow.  Phreatic  explosions  are  another  passible  triggering 
mechanism. 


Secondary  pyroclastic  flows  can  carry  Urge  volumes  of  material  many  kilometers 
downstream.  by  Francis  and  Baker  (1977)  suggests  that  Urge-volume  pyroclastic 
flows  are  far  more  mobile  than  other  paniculate  gravity  flows,  with  deposits  abundant  in  ash 
or  pumice  showing  the  most  prooounced  mobility.  Mount  Piaatubo's  pyroclastic-flow 
deposit  contain  both  pumice  and  fine-grained  aiifidl  ash.  Once  flow  is  initiated,  some  type  of 
bulking  and  increased  fluidization  seems  to  occur,  the  resulting  flows  appear  to  range  in 
oDOceotretioc  from  debris  flows  to  mudflows  to  muddy  water  flows  (see  Figure  B-4).  Down- 
slope  travel  distances  vary,  depending  on  channel  configuration  and  geometry.  Down-slope 
movement  of  these  flows  at  Mount  Peatubo  has  been  measured  at  up  to  8  km. 


Secondary  pyroclastic  flows  can  fill  downstream  channel  reaches,  increasing  the  amount  of 
sediment  available  for  future  erosion.  They  may  also  cause  channel  blockages,  creating  in- 
channel  and/or  tributary  lake  formation.  Sediment  may  be  temporarily  stored,  with 
subsequent  lake  breaching  producing  mudflows. 


Analysis  that  once  movement  has  occurred,  the  scarp  and  failure  surfaces  are  less 

susceptible  to  fluvial  eroskmal  processes,  perhaps  as  a  result  of  increased  porosity  and 
permeability.  Field  observations  stow  a  lag  type  of  pumice  gravel  deposit  present  on  these 
failure  surfaces  A  few  maw  movement  areas  have  undergone  some  fluvial  crosier.  and 
channelization,  however,  analysis  indicates  that  erosion  was  initiated  u>  slope  and  migrated 
across  the  failure  surface. 


The  potential  magnitude  and  temporal  and  spatial  distribution  of  secondary  pyroclastic-flow 
events  are  unknown  at  presets. 

The  potential  for  activity  remains  high  in  the  near  future.  Such  events  can  proJjce 
catastrophic  basin  modifications  that  may  either  increase  or  decrease  the  amount  of  sediment 
available  for  erosion.  This  risk  and  uncertainty  impacts  both  the  snort  and  long  term 
sediment  budget 

3.2.4  Phreatic  Kvpkwkitu  While  rapid  erosion  launched  the  development  of  new 
drainage  networks,  dynamic  phreatic  explosions  also  occurred  in  the  deposit,  producing 
ashfall  and  actively  increasing  he  credibility  of  the  initial  deposit.  Such  explosions  influence 
channel  formation  but  are  net  by  themselves  major  producers.  Craters  front  the 

explosions  filled  with  water  to  form  ponds  ted  takes.  Overlapping  of  these  and  other 
depressions  in  the  pyroclastic-flow  deposit  also  aided  the  redeveiorvieot  of  channel  networks. 
Water  accumulation  in  these  depressions  may  have  increased  phreatic  explosion  activity. 


Phreatic  explosions  occur  mainly  during  the  rainy  season  when  infiltration  increases  the 
•mount  of  available  moisture  coming  into  contact  with  tot  primary  pyrodas^c-flow  deposits. 
The  process  of  flash  40-sieam  upon  contact  between  water  and  tot  volcanic  sHuaent  is  one 
of  the  driving  factors  In  addition,  the  action  erf  stretmfiows  undercutting  banks  in  the 
pyroclastic  deposit  resulted  in  bank  failure,  causing  phreatic  explosions  from  contact  of 
channel  water  with  tot  pyroclastic  sediment. 


Spatial  and/or  temporal  predictability  of  future  explosions  is  currently  not  possible.  There 
events  may  continue  for  several  (up  to  10)  more  yean,  especially  in  the  basins  containing  the 
greatest  thicknesses  of  &&s)  pyroclastic-flow  deposits,  bin  their  frequency  should  drop  off 
over  time  as  the  deposits  cool  and  chyme*  atabtiity  increases. 


3.3. 1  General.  the  pyroclastic  flow  deposits  were  initially  featureless,  domed  (high- 
oentered)  plains  following  kw^prodmal  axes  down  the  valleys.  Initial  drainage  devetopm«v4 
occurred  very  itortiy  after  pyroclastic  flow  emplacement.  The  non -cohesive  nature  of  the 
deposit  and  other  geomorpfeic  procesaes  acting  on  the  material  combined  rapidly  to  form  a 
new  and  highly  complex  drainage  network  A  miqor  tropical  storm  that  was  battefing 
Central  Ureas  on  June  IS,  199S,  also  helped  reestablish  drainage  networks  within  a  few 
days.  The  deposit  geometry  aided  in  chined  network  rodevdepmeat,  with  small  rills  and 
gullk*  foreag  do^  the  cenier  and  dniai»g  imo  huger  channels  along  the  valley  ■my*** 


3.3.2  Rills  and  Gullies.  Rill  and  gully  erosion  was  the  first  step  in  re-establishing 
the  drainage  network  on  the  pyroclastic  deposits.  It  was  also  an  important  erosion  process 
on  the  ash  covered  mountains  around  Mount  Pinatubo. 

Rill  and  gully  formation  on  the  pyroclastic  surfaces  was  very  rapid  in  1991,  creating  intricate 
drainage  patterns.  These  small  channels  were  only  a  few  meters  wide  and  deep,  but  because 
they  were  so  numerous  they  produced  significant  quantities  of  sediment  in  1991.  They  also 
provided  a  highly  efficient  drainage  system  for  the  pyroclastic  deposits  main  channels. 
Analysis  of  the  1992  and  1993  rills  and  gullies  found  that  they  had  not  grown  significantly 
larger  than  they  were  in  1991.  Rills  and  gullies  are  not  expected  to  be  important  sources  of 
sediment  in  the  future. 

Rain  events  after  June  1991  eroded  airfall  ash  from  the  mountain  slopes  and  deposited  it  in 
many  river  channels.  Most  of  the  airfall  ash  was  removed  from  the  mountain  slopes  during 
the  first  rainy  season  (1991),  resulting  in  large  sediment  yields  to  the  rivers.  The  Gumain, 
Porac,  and  Maloma  rivers,  which  had  no  major  pyroclastic  deposits  within  their  headwaters, 
were  impacted  by  this  erosion  and  deposition  of  airfall  ash  in  the  lowland  channels.  These 
streams  are  still  heavily  laden  with  ash. 

3.3.3  Channel  Development.  Initial  drainage  development  occurred  once  the 
pyroclastic  flow  deposit  was  in  place.  The  non-cohesive  nature  of  the  deposit  combined  with 
high  rainfall  to  rapidly  form  a  new  and  highly  complex  drainage  pattern.  The  main  channels 
developed  predominantly  by  headcutting  and  incision  of  gullies  and  small  channels.  As  small 
channels  merged,  the  in-channel  discharges  increased  and  the  erosion  potential  also 
increased.  Channel  development  processes  were  similar  to  those  identified  at  Mount  St. 
Helens  by  Pearson  (1986). 

The  dome-shaped  geometry  of  the  initial  pyroclastic-flow  deposit  helped  direct  channel 
development  toward  the  margins  of  the  deposits  (Tom  Pierson,  USGS,  personal 
communication,  August  1992).  The  channels  along  the  deposit  margins  received  additional 
runoff  from  the  adjacent  mountains,  further  increasing  their  erosion  potential.  Even  during 
the  first  year,  many  of  these-  channels  incised  20  to  40  meters  into  the  pyroclastic  deposit. 
Bank  collapses  temporarily  blocked  some  channels,  causing  mudflow  or  hyperconcentrated 
flow  surges  when  the  blockage  was  overtopped  and  eroded.  Additional  mudflows  were 
created  by  the  violent  mixing  of  hot  bank  material  into  rapidly  flowing  discharges.  Channel 
widening  due  to  bank  erosion  was  the  dominant  sediment  source  in  1992  and  1993. 

The  post-eruption  stream  profiles  are  elevated  above  the  pre-emption  channels,  but  show  the 
same  general  slopes  of  4  to  5  percent.  The  hinge  points,  the  locations  at  which  channel 
slopes  increase,  were  moved  downstream  by  the  pyroclastic  deposits.  The  resulting  sic.,.? 
relations  would  suggest  stream  energy  may  not  have  increased.  The  post-eruption  channel 
lengths  have  increased  an  average  of  2  km.  Without  an  increase  in  hydrology  or  stream 
energy,  the  river  systems  have  about  the  same  potential  transport  limits  as  they  did  prior  to 
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the  eruptioa  Sediment  bilking  of  the  flows  to  hypercoaceninteu  or  mudflow  coodUkms 
appears  to  be  limited  to  bank  failure  mechanisms. 


An  unusual  factor  that  contributed  to  channel  formation  was  the  overtopping  of  poods  and 
lakes  formed  in  craters  from  phreatic  explosions.  Analysis  of  aerial  photographs  taken  in 
October- November  1991  by  the  GOP  indicates  that  phreatic  explosions  occur  primarily  at 
points  of  contact  between  pyrcclistk-ftor;  deposits  and  pre -eruption  valley  side  slopes.  The 
contact  of  hot  sediment  and  cold  groundwater  from  the  hillsides  «s  one  explanation  for 
phreatic  explosions  along  the  deposit  margins.  The  potential  magnitude  and  distribution  of 
sediment  generated  for  transport  by  this  geomorphic  process  is  unknown,  but  its  importance 
is  decreasing  with  time. 


3-3.4  fjtke  iwmxtkw  and  Blockage  Failure  Lake  formation  and  failure  has  been 
an  important  sediment  producing  process  in  some  basins.  Its  importance  has  been  dependent 
on  a  number  of  geomorphic  factors  including,  pre-emption  basin  geology,  topography, 
hydrology,  and  tits  initial  pymiartk-fkvw  deposit.  Those  factors  and  the  resulting  sediment 
impacts  have  been  cuke  variable  from  bsjin  to  basin.  Lake  failures  have  been  most  serious 
in  the  Pasig-Fbtrere  and  Santo  Tomas  basins. 

Lake  breakouts  were  a  significant  mode  of  huge  Uiur  generation  in  the  Rasig-fV*reto  basin 
during  the  first  two  years  following  the  eruption.  A  side  drainage  of  the  ftasig  basin  was 
blocked  by  secondary  pyroclastic  flows  during  both  1991  and  1992,  and  a  lake  developed 
behind  the  blockage.  Both  blockages  were  overtopped  and  eroded,  causing  large  lahar  flows 
that  damaged  areas  on  the  lower  alluvial  fan.  The  potential  for  future  take  formation  has 
beat  reduced,  because  the  triboi«uy  has  filled  with  sediment  and  the  occurrence  of  the 
secondary  pytoebtstk  flows  has  reduced  the  potential  for  more  such  events. 

Mudflow  events  hi  the  Marellt  River  blocked  the  Mqpaauepc  River,  also  forming  a  lake. 
This  Me  underwent  a  series  of  blockages,  failures,  and  mudflows  in  1991  and  1992. 
Construction  of  an  outlet  to  control  like  water  level  prevented  any  lake  fauurrc  in  1993. 
Nevertheless,  there  is  still  some  threat  of  future  lake  breakouts. 


Blockages  have  formed  lakes  to  other  basins  without  causing  serious  lahar  reofe&ms.  An 
unnamed  lake  formed  in  the  Sacofeta  basis,  just  upstream  of  the  Gates  at  the  Abncan,  and 
drained  in  August  1991  without  generating  a  noticeable  lahar  (Scott,  K  ML,  USGS,  oral 
commutation,  1992).  A  seoand  Me  in  the  Sscobsa  basin  formed  on  the  Maiimki  River 
upetmam  ot  parooaa,  ina  sue  was  focused  oy  rauonows  on  me  »acoDU*naawto  Kivcr 
blocking  the  vaUey.  This  lake  has  overtopped  the  blockage,  but  the  blockage  has  not  failed. 
Seven}  small  Wees  have  also  been  observed  in  the  Bucks  River  basin. 

3.4  1  flwwai  Tie  tens  *Ww*  refers  to  any  rapidly  flowing  mixture  of  volcanic 
materia)  and  water.  The  terau  "muddy  water,”  "hypercoocentnued  flow.”  and  •mudflow" 


/ 

arc  used  in  this  report  to  refer  to  lahars  of  increasingly  higher  sediment  transport 
concentrations.  Figure  B-5  gives  a  visual  comparison  of  relative  erosion  and  deposition 
factors  for  these  various  sediment  transport  mechanisms,  showing  how  sedimentation  impacts 
vary  in  magnitude  and  location  with  the  different  mechanisms.  Each  type  of  lahar  presents  a 
different  hazard  to  areas  downstream  of  Mount  Pinatubo. 

3.4.2  Muddv  Water.  Muddy  water  refers  to  sediment  transport  concentrations  of 
less  than  20  percent  by  volume,  which  are  typical  of  storm  runoff  concentrations  observed 
around  the  world.  However,  at  Mount  Pinatubo  such  flows  occur  during  minor  rainfall 
events  and  also  under  base  flow  conditions.  Suspended  sediment  samples  collected  from 
impacted  streams  during  base  flow  conditions  before  and  after  the  1991  eruption  (Bureau  of 
Research  and  Standards,  unpublished)  indicate  a  post-eruption  increase  of  10  to  100  times  the 
pre-emption  base  flow  sediment  transport  levels.  Post-eruption  concentrations  on  impacted 
streams  range  from  near  100  parts  per  million  (ppm)  to  over  10,000  ppm.  The  sediment 
entrainment  process  for  muddy  water  flows  appears  to  be  common  bed  and  bank  erosion. 

Muddy  water  flows  have  caused  both  erosion  and  deposition  damages,  carrying  and 
depositing  sediment  as  far  as  Manila  Bay  and  the  South  China  Sea.  They  have  also  caused 
infilling  of  the  lower  reaches  of  the  Abacan,  Gumain,  Pasac,  Maloma,  Olongapo,  and 
Tanguay  Rivers,  -and  have  caused  major  damage  in  the  form  of  toe  erosion  to  levees  on  the 
Abacan,  Bamban,  Gumain,  and  Santo  Tomas  Rivers. 

3.4.3  Hvperconcentrated  Flow.  Hyperconcentrated  flows  generally  have  sediment 
transport  concentrations  between  20  and  50  percent  by  volume  (Julien  and  Lan,  1989).  The 
action  of  these  flows  is  similar  to  that  of  muddy  water  flows,  but  they  can  transport  very 
large  sediment  volumes  in  a  short  time.  The  sediment  entrainment  process  seems  to  require 
some  extraordinary  mechanism  to  raise  concentrations  above  the  muddy  water  range.  Al 
Mount  Pinatubo,  it  appears  that  this  mechanism  is  the  collapse  of  high,  hot  pyroclastic  banks 
into  the  rapidly  moving  storm  runoff  in  confined  channels.  Once  entrained,  the 
concentrations  tend  to  remain  high  until  the  flow  loses  energy  down  in  the  valley. 

Observations  of  storm  events  on  the  Sacobia  River  by  Daag  and  Tungol  (personal 
communication,  1992)  and  Dolan  (personal  communication,  1993)  and  on  the  Marella  River 
by  Rodolfo  and  Umbal  (personal  communication,  1993)  indicate  that  discharges  undergo 
transition  from  muddy  water  to  hyperconcentrated  flow  and  then  may  alternate  between 
hyperconcentrated  flow  antf mudflow  before  receding  back  to  muddy  water  base  flow 
conditions.  The  only  hyperconcentrated  or  mudflow  sediment  transport  concentration  data 
available  for  analysis  (Rodolfo  and  Umbal,  written  communication, 


1993)  support  these  observations.  These  data  show  sediment  transport  concentrations  on  the 
Marella  River  rising  from  around  10  percent  by  volume  to  nearly  86  percent  by  volume 
during  a  storm  on  June  27,  1992.  They  also  show  a  series  of  measurements  taken  on  July 
1 1 ,  1992  that  fluctuate  between  30  and  60  percent  by  volume.  Discharge  measurements  for 
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those  sediment  transport  conceetraisons  are  m  available,  mr  lave  discharges  for  any  other 
ftom  ever#  teen  measured  doe  m  difficult  river  cofidhions.  The  high  sedimeos  bad, 
rapidly  shifting  chw cods,  and  high  water  tempw&zm  during  hypetcoaomimed  flows  or 
mudflows  nuke  measurements  very  diflkuh. 


Because  hypeiroureutra-ed  flows  behave  tike  muddy  water,  they  can  cause  flooding  and 
sediment  deposition  over  teoad  areas  of  the  Sower  alleys.  The  roost  damaging 
h> per copceatnLeJ  flow  &mds  have  berm  m  the  and  Abacas  Rivers  in  August  1991 , 

and  oo  the  ftaig  Potiero  River  in  September  1991  and  October  1993.  In  each  of  these 
event?,  hypercoocentraied  flows  breached  levees  and  caused  widespread  damage.  Sediment 
layers  deposited  in  cmtenk  areas  by  bypercooeentrated  flow  events  were  typically  less  than 
mm  meter  deep,  with  nearly  flat  surfaces.  Soil  samples  from  the  deposits  showed  them  to  be 
similar  in  composiciGa  to  the  pyroclastic  deposits,  with  little  variation  s^ross  the  floodplain. 

3.4.4  Mudflow  Mudflows  have  sediment  transport  concentrations  of  over  50 
percent  by  volume  and  are  JomtaoaJy  said  *o  resemble  rapidly  moving  wet  concrete.  Like 
hypcnxiooentiated  flows,  mudflcws  m  formed  by  the  collapse  of  high,  hot  pyroclastic  banks 
into  rapidly  tnovir  g  storm  nmoff  in  confined  channels.  Mudflows  (also  called  “debris  flows" 
in  some  iedmkil  literature)  are  noo*34ewtoniifi  fluids  that  have  them1  strength  Chilieo  and 
Lan,  1989).  Mudflows  continue  to  move  as  long  as  the  shear  stress  exceeds  the  shear 
strength.  At  Mount  ^marnbo,  mudflows  ia  confused  channels  have  traveled  through  channel 
reaches  with  slopes  of  only  0.015  mfm. 


Mudflows  are  also  capable  of  building  natural  levees  along  their  flow  margins  thin  serve  to 
keep  the  flow  confined.  Mudflow  levees  have  been  observed  to  have  surface  slopes 
perpendicular  to  the  main  flow  pad)  of  approximately  2  to  4  percent.  Some  very  faugc 
Mount  Fmatute  mudflows,  confined  by  their  own  lenses  to  widths  of  200  to  iflfi  meters, 
have  traveled  several  IriJotaam  across  valley  reaches  with  slopes  appeoadtmg  0.006  mfm. 

As  noted  in  the  hyperconcentrated  flow  section  above,  there  is  a  sctrojsy  of  available 
measured  data  for  Mourn  Ptmmsbo  mudflows. 

Mudflows  present  a  unique  hazard,  not  only  oecaute  they  move  very  large  volumes  of 
sediment  very  quickly,  but  also  because  their  depaylioaal  characteriitics  are  different  from 
those  of  muddy  water  or  hypcrcxmceatraiid  flows.  Mudflow  deposition  can  occur  on  slopes 
of  between  0.0)6  and  0.02  «/w.  Most  of  the  mudflow  depoakwe  around  Mount  Fmatubo 
has  occurred  tn  the  tnng&ion  rfyay**!  reaches  between  the  baae  of  the  pyroclastic  deposits 
and  the  gently  sloping  valley  floors  Typical  or  the*'  reaches  arc  the  MareUa  Kiver  upstream 
of  Mapannepe  late  and  the  Sacobta  River  near  dark  Air  Bare. 

Mudflow  depccttiou  seem*  to  occur  in  two  .rna  ways,  either  as  shallow  outw&sh  or  as 
massive  units.  Shallow  outwash  depot**  occur  when  the  mudflow  exceeds  chanad  espuesy 
and  fluid  grills  out  onto  the  wr&wkt  and  dewaters.  It  appears  that  the  tranatioo  duumds 
have  aggraded  through  this  process  and  that  the  mudflow  levees  are  also  built  this  way. 


Most  mudflow  deposition  seems  to  occur  in  massive  units.  It  appears  that  as  the  front  of  a 
mudflow  is  stopped,  either  by  loss  of  energy  or  by  an  obstruction,  the  entire  flow  for  a 
kilometer  or  more  upstream  may  also  stop.  The  patterns  of  abandon  flow  paths  observed  in 
deposition  zones  after  large  mudflows  suggest  that  as  the  flow  stops,  a  number  of  reactions 
can  follow:  breaches  can  occur  in  the  natural  levees  allowing  the  mudflow  to  continue  on 
another  path,  subsequent  flows  can  be  diverted  near  the  upstream  end  of  the  deposit,  or 
subsequent  flows  can  flow  up  and  over  the  earlier  deposit. 

Single  mudflow  events  around  Mount  Pinatubo  have  created  in-channel  deposits  up  to  7 
meters  thick.  This  process  has  filled  several  river  channels,  enabling  later  flows  to  spill 
onto  the  overbanks.  These  overbank  deposits  are  in  the  general  range  of  1  to  2  meters  deep, 
rarely  exceeding  3  meters  at  the  deepest. 

The  mudflow  deposits  are  similar  to  the  pyroclastic  source  deposits,  but  contain  a  smaller 
percentage  of  coarse  pumice  fragments  and  may  also  contain  other  debris  such  as  wood.  The 
mudflow  deposits  tend  to  have  a  massive  (1  to  3  meters)  thick  bedding  structure  and  some 
upward  sorting  by  particle  size. 

3.5  Sediment  Forecasts 

3.5.1  General.  Three  types  of  sediment  forecasts  are  presented  in  this  study.  The 
first  is  the  10-year  forecast  of  annual  sediment  yields  and  deposition  patterns.  The  second  is 
a  more  generalized  long-term  forecast  of  sediment  yields  and  related  sediment  problems, 
covering  the  25  year  project  life.  The  third  is  a  forecast  of  sediment  yields  during  infrequent 
storm  events  that  was  used  to  determine  storage  requirements  for  sediment  control  measures. 

3.5.2  10-Year  Forecasts.  Ten-year  forecasts  wore  made  for  basins  that  contain 
significant  volumes  of  pyroclastic  deposits.  These  included  the  Pasig-Potrero,  Sacobia- 
Bamban,  O’Donnell,  Bucao,  and  Santo  Tomas  basins.  It  was  found  that  a  rapid  decline  in 
erosion  rates  could  be  expected  during  the  next  five  years  in  all  basins.  This  expectation  is 
based  on  the  comparison  of  erosion  rates  and  channel  dimensions  found  at  other  volcanoes. 

At  Mount  St.  Helens  (USACE,  1984),  sediment  yields  were  very  high  during  the  first  year 
as  the  streams  reestablished  drainage  networks.  Stream  gradients  stabilized  greatly  after  the 
first  year  and  channel  widening  became  the  dominant  sediment-producing  process.  As  the 
channel  widths  increased,  the  collapse  of  high  banks  directly  into  flowing  water  became  less 
.  and  sediment  yields  declined.  At  Mount  St.  Helens,  annual  sediment  yields  had 
d  by  75  percent  within  five  years  and  have  remained  around  that  level  (USACE, 

Cross  sections  of  mudflow-producing  channels  at  Mount  Mayon  presented  by 
<iolfo  and  Arguden  (1991)  show  a  similar  trend  of  channel  widening  with  only  minor 
/cision  after  the  first  year.  These  field  observations  are  supported  by  the  experimental 
results  of  Schumm  et  al.  (1987).  The  experimental  channels  responded  very  quickly  to 
changes  in  elevation  when  a  narrow  channel  was  incised  to  reestablish  a  more  stable 
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gradient.  The  todsim  period  was  then  followed  by  a  prolonged  period  of  chaste)  videoing 
and  high  sediment  yields.  As  the  widening  slowed,  sediment  yields  declined  pcopostkoally. 

Since  the  channel  gradients  appear  to  have  been  reestablished  in  the  first  year  or  two,  the 
width  of  the  "sable0  channel  then  determined  the  amount  of  sediment  available  for  future 
rapid  erosion.  The  maximum  amount  of  channel  widening  that  could  occur  before  the 
channels  became  "stable"  was  set  at  300  meters  -  approximately  the  maximum  width 
obtained  by  channels  at  Mourn  St.  Helens.  In  most  cases,  channel  widths  at  Mount  Pinttubo 
were  less  than  this  maximum  value,  being  limited  by  local  features  such  as  pre-eruption 
geology,  runoff  volumes,  or  the  widths  of  pre-emption  channels  in  older  pyroclastic  deposits. 
In  some  basins  an  additional  volume  was  included  to  account  for  the  likely  occurrence  of 
secondary  pyroclastic  flows. 

The  first-year  sediment  yield  for  each  basin  was  determined  by  multiplying  the  avenge 
annual  storm  runoff  by  an  assumed  sediment  concentration  (see  Section  2.3.2).  Subsequent 
annual  yields  were  roughly  proportioned  according  to  the  ratio  between  the  initial  sediment 
available  and  the  sediment  available  at  the  end  or  each  year.  The  resulting 
forecasts  tend  to  decline  according  to  treads  predicted  by  Pierson  et  al.  (1992).  Figure  B-6 
shows  the  declining  trend  of  an  idealized  annual  sediment  yield  forecast.  Specific  htrin 
forecasts  are  pretested  in  following  sections  of  this  Appendix. 

Three  sediment  yield  forecasts  reflect  average  annual  conditions.  Variations  in  sediment 
yields  can  be  expected  due  to  above-  or  below-  avenge  nunfcil,  the  presence  or  lack  of 
secondary  pyroclastic  flows,  or  major  changes  in  channel  alignments.  Sediment  yields  in  any 
one  year  may  therefore  be  above  or  below  the  forecast  yield,  hut  dm  overall  tread  should 

follow  the  fttaucait. 


3.5.3  Long-term  Forecast.  The  long-term  forecasts  are  the  conditions  expected  after 
channel  conditions  become  significantly  more  stable.  Annual  yields  during  this  time  are 
governed  by  water  availability  and  normal  muddy  water  sediment  transport.  Before  the 
eruption,  all  the  impacted  rivers  were  broad,  braided  channels  with  sandy  bed  material.  The 
long-term  sediment  yields  and  related  problems  are  expected  to  be  very  similar  to  pre¬ 
emption  conditions.  Specific  basin  conditions  are  discussed  in  following  sections  of  this 
Appendix. 

3.5.4  Storm  Event  Sediment  Yields.  The  sediment  yield  during  large,  infrequent 
storms,  such  as  typhoons,  must  also  be  considered  in  determining  the  overall  hazard  and  in 
designing  control  measures.  An  event  of  the  magnitude  of  a  100-year  or  larger  flood  may  be 
capable  of  producing  more  sediment  than  several  years  of  near-average  flows.  Without 
specific  data,  the  sediment  volumes  that  are  forecast  for  large  storm  events  can  only  be 
considered  gross  estimates  (see  Section  2.3.5).  Storm  event  yields  are  likely  to  decline  for 
the  same  reasons  as  annual  yields,  but  no  attempt  has  been  made  to  account  for  that  likely 
reduction.  Specific  volume  estimates  for  storm  events  in  each  basin  are  given  in  Appendix 
E.  Figure  B-7  shows  the  effect  that  a  large  sediment  yield  from  a  single  large  storm 
occurring  in  2010  could  have  on  the  declining  annual  sediment  yield  trend. 

These  types  of  events  are  not  directly  incorporated  into  the  annual  sediment  yield  forecast 
because  they  are  rare  occurrences.  The  sediment  volumes  for  100-year  flood  events  were 
included  in  the  designs  of  the  sediment  control  measures. 
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4.  PASIG-POTOERO  RIVER  BASIN  ANALYSIS 


Hie  IRuig-Fotrero  basin  is  as  area  of  77  km1  originating  on  the  eastern  flank  of  Mount 
Pinatubo,  doming  die  center  section  through  a  deeply  incised  reach,  and  exiting  the  valley 
onto  the  alluvial  fan-complex  above  Mancaban.  The  headwater  area  is  drained  by  four 
streams,  the  Bucbtsc,  Yangca,  Timfau,  and  Papatac  Rims,  which  combine  to  form  the  Pasig- 
Potrero  River.  The  upper  basin  area  is  about  14  km  long  with  as  area  of  approximately 
10  km1.  The  uppermost  headwaters  originate  13  km  from  dm  crater. 

The  following  basin  analysis  is  limited  to  basin  renditions  prim  to  October  1993.  A  natural 
diversion  of  the  Sacobia  River  headwaters  into  the  upper  reaches  of  the  Pasig-Pttrero  River 
basin  occurred  during  October  1993.  litis  increase  in  drainage  area  will  greatly  increase  the 
flow  in  the  pyroclastic  deposit  nain  channel  and  cotrespoodingly  increase  sediment  yields. 
The  increase  in  sediment  yields  has  not  been  fully  analyzed  or  included  in  this  report,  but  is 
expected  so  be  very  targe,  perhaps  as  much  as  50  to  100  million  m’  in  1994  above  the 
amounts  forecast  in  the  report.  The  new  basin  conditions  are  judged  to  present  an  extreme 
threat  to  commt  unties  abng  die  Puig-Potrero  River. 

Initial  basin  analysis  between  August  1991  to  December  1992  indicated  that  the  massive 
volume  of  volcanic  material  deposited  in  the  upper  basin  presents  a  number  of  flooding  and 
sedimentation  hazards  to  die  upper  and  lower  alluvial-fen  complex.  Large-scale  secondary 
pyroclastic  flows,  lake  blockage  failures,  and  raiafeU/sunoff  processes  could  generate  large 
volumes  of  sediment,  overwhelming  the  channel  system,  breaching  levees,  and  impacting 
large  regions  of  the  alluvial-fen  complex.  The  area  from  Mancarian  to  Fottero  and  Baooior 
could  receive  the  greatest  impact.  Snfthamtttinn  and  shallow  flooding  would  he  the 
dominant  processes.  Sedfanmitaboa  within  the  rhsanrl  system  could  alio  cause  leuee  failures 
and  out-of-dmaed  impacts  (USAGE,  1993). 

Sediment  discharged  from  the  Mg-ftotrero  upper  basin  will  cause  deposition  in  the  Guagua 
and  Cams  Chiles  Riven.  High  sedimeM  yield  rasas  to  (he  lower  alluvial-fen  complex  could 
came  ponding  and  recreate  the  potential  for  severe  puadige  flooding  around  Baooior,  San 
Fernando,  Minaim,  and  Santo  Tomas  (see  Figure  B-i). 

4.1  Sadhwnatatlau  History 


4.1.1  Pyprfrffr  BcPttiU  On  June  13, 1991,  pyrockutk  avalanches  flowed  down 
the  eastern  slppe  from  the  expiortiwg  crater  of  Mom  PiaatHbo,  tnvefag  at  high  speeds  under 
the  influence  of  gravity  and  following  pre-eruption  topography,  and  deposited  302  million  nT 
of  pyrodasbc-flow  material  in  the  upper  beam.  The  highly  tadaed  pre-eruption  chuae) 
geometry  influenced  the  pyroclastic-flow  daporibonal  p  ~  irm  A  plateau  l.$  km  wide  and 
4  km  long,  11  km  from  the  newly  formed  caldera,  separates  the  upper  ftobg-Foirero  and 
Saoobia  River  basses.  Duriig  the  inky  pyrodaibc-flow  crapfeoemeat,  material  bowed 
across  this  plateau  and  cascaded  into  the  deep  ftudg-Fotrero  basin  (see  Figure  B-8).  A 


change  in  momentum  occurred  and  deposition  was  initiated,  partially  filling  drainage 
channels  carved  into  older  pyroclastic  deposits  from  previous  eruptions,  the  most  recent 
dating  back  approximately  600  years.  Maximum  thickness  of  the  new  deposits  ranges  from 
about  150  meters  in  the  middle  to  upper  reaches  to  30  meters  in  the  upper  basin  13  km  from 
the  crater. 

The  pre-eruption  stream  channel  cuts  through  pyroclastic  deposits  in  the  upper  reaches  of  the 
basin,  and  through  sediment  and  alluvial  deposits  in  the  upper  alluvial-fan  reaches.  The 
sedimentary  deposits  in  the  upper  reaches  are  underlain  at  variable  depths  by  bedrock 
consisting  of  andesite,  basajt  (dikes  as  well  as  flow  units),  agglomerates,  conglomerates,  tuff 
breccias  and  tuffaceous  sandstones.  The  lower  reaches  consist  of  a  broad  alluvial-fan 
complex  which  has  been  under  formation  for  at  least  600  years,  as  sediments  from  higher  in 
the  basin  have  been  mobilized  by  erosional  processes  and  redeposited  downstream. 

The  drainage  boundaries  and  areas  used  for  the  hydrologic  analysis  of  the  Pasig-Potrero 
River  basin  are  shown  in  Appendix  A  of  this  document.  Figure  R-8  shows  the  upstream  half 
of  the  drainage  areas  while  Figure  B-9  shows  the  downstream  drainage  area  and  hazard 
zones.  The  lower  basin  was  divided  into  mudflow  and  flooding  zones  for  sediment  impact 
analysis.  Immediately  north  of  Bucbuc  Creek,  pyroclastic  deposits  covered  and  obliterated 
the  pre-emption  drainage  network.  Following  the  eruption,  a  new  drainage  network  quickly 
formed.  Approximately  1.5  km2  of  the  pre-eruption  Bucbuc  Creek  drainage  now  contributes 
flow  to  Timbu  Creek. 

4. 1 .2  1991-1993  Erosion  and  Deposition.  Sediment  yields  in  the  Pasig-Potrero  basin 
have  been  dominated  by  a  few  large  events.  These  include  lake  failures  in  1991  and  1992, 
and  intense  tropical  storms  in  1992  and  1993.  Typhoon  Kadiang,  in  October  1993,  not  only 
produced  a  very  high  sediment  yield,  it  also  triggered  the  diversion  of  over  20  km2  of  the 
Sacobia  River  drainage  area  into  the  Pasig-Potrero  basin.  The  full  impacts  of  this  diversion 
have  not  yet  been  determined. 

The  pre-emption  channel  geometry  at  the  confluence  of  Papatac  and  Yangca  Creeks  favors 
rapid  sediment  accumulation  due  to  a  natural  constriction  and  a  reduction  in  slope.  The 
rapid  narrowing  of  the  pre-eruption  channel  caused  the  June  1991  pyroclastic  flow  to  deposit 
ap.  -oximately  5  million  m3  of  material  in  the  confluence  area.  The  blockage  measured  100 
to  /er  400  meters  in  width.  During  the  first  rainy  season  the  blockage  functioned  as  a  dam 
ana  grew  to  an  approximate  volume  of  10  million  m3  before  its  failure  on  September  7, 

1991.  The  failure  rapidly  eroded  the  entire  10  million  m3  of  sediment,  causing  it  to  cascaded 
onto  the  alluvial-fan  complex  (USAGE,  Portland  District,  June  1993).  An  additional  10  to 
15  milion  m3  of  material  was  eroded  from  the  Pasig  River  as  this  flood  moved  downstream. 
The  Potrero  River  levees  were  breached  near  Potrero  and  there  was  flooding  in  Potrero, 
Santa  Barbara,  Bacolor,  and  Gaugau.  The  type  and  location  of  the  sediment  deposits  suggest 
this  flood  was  a  hyperconcentrated  flow. 
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A  second  blockage  formed  ia  early  August  1992  as  the  result  of  a  large  secondary  pyroclastic 
flow  above  Yaagca  Creek  on  Papatac  Creek  (Figure  B-8).  This  blockage  was  larger  than  the 
first,  with  a  maximum  elevation  of  380  meters  along  the  eastern  edge.  More  than 
20  mfltinfl  m*  of  material  filled  the  confluence  area  and  Papatac  Creek  as  far  downstream  as 
its  confluence  with  Tfmbu  Creek,  During  a  tropical  storm  on  August  29-30,  1992,  the 
blockage  was  overtopped,  but  this  time  it  eroded  at  a  slower  nue.  The  August  29-30  storm 
and  another  on  September  3-4,  1992  combined  to  deliver  10  million  m*  of  sediment  to  the 
lower  Fuig-Fotrero  River  basin.  Both  these  events  were  mudflows  and  they  deposited  7  to 
10  km  upstream  or  the  1991  event  Deposition  (filed  the  channel  at  Mancatian  and  for  4  km 
downstream.  Mudflow  deposits  in  the  overbank  areas  were  1  to  2  m  deep  around  Mifla  and 
about  1/2  m  near  Baku. 


Typhoon  Rubtng  on  August  17,  1993,  caused  a  mudflow  and  3  to  5  million  m’  of  deposition 
around  Mancatian.  The  deposits  filled  the  channel  for  about  1  km  upstream  of  Mancalian 
and  damaged  the  northern  portion  of  the  baiangay.  Flooding  occurred  in  Santa  Rita,  where 
tahar  flowed  through  an  uncompleted  portion  of  the  levee.  On  October  4,  1993,  typhoon 
Kadiang  caused  hyperconcentreted  flows  and  mudflows  that  delivered  another  20  to  25 
miilioa  m5  of  materia!  to  the  lower  alluvial  fan.  Most  of  this  sediment  was  deposited  in  the 
southern  overbank  from  Mancatian  to  Gaugau.  Santa  Rita  was  heavily  damaged  by  the  1993 
Sahara. 


Analysts  of  channel  cross  sections  taken  from  aerial  photographs  indicate  that  main  channel 
erosion  also  has  been  a  large  source  of  rediment.  From  June  1991  to  November  1992,  main 
channel  erosion  was  23  million  tn\  with  an  unmeasured  additional  amount  in  1993.  Figures 
R-10  and  B-li,  show  the  v-shaped  main  channel  geometry  that  existed  in  November  1992. 

An  unknown  volume  was  also  eroded  from  tributaries  and  rill  and  gully  systems  on  the 
pyroclastic-flow  deport.  The  main  channel  developed  along  the  base  of  Mortal  Don*.  The 
new  channel  appears  to  be  locked  against  the  valley  wdU.  New  craters  or  sinks  formed  from 
phreatic  explosions  are  modifying  the  damage  system,  temporally  trapping  volumes  of 
within  the  and  reducing  «wfaawii  yields. 

Downstream  from  the  pyroclastic  deposit  the  rhawneh  have  undergone  a  complex  response  to 
the  increased  redhnent  loads.  The  beds  of  Ftpatac  and  Thabo  creeks,  and  the  Futg  River 
were  eroded  5  to  10  m  ia  1991,  as  fa?  downstream  as  Mancatian.  Fapmac  Creek’s  bed  was 
taised  by  the  secondary  pyroclastic  flow  in  early  August  1992,  only  to  be  eroded  again  in 
late  August  1992,  when  the  lake  overtopped  the  blockage.  From  the  Mancatian  to  the 
fvmfUxuafy  fin  the  Guatua  River,  tfdknftw  dscottfron  raised  the  bottom  elevation 
of  the  Fuig-Fotrero  River  by  2  to  4  meters.  The  Manibaug  Futg  Creek  still  enters  the 
Faiig-Fotrero  River,  ft  downstream  of  this  confluence  other  preemption  tributaries  are  now 
lower  than  the  river  in!  consequently  are  do  longer  contributing  flow.  Less  of  tributary 
flow  has  reduced  the  damage  are*  of  She  Fuig-Potrero  River  approximately  78  km*  at  the 
(xmflnencie  with  the  Guagua  River. 


4.2  Sediment  Forecast 

4.2.1  Sediment  Producing  Events.  Sediment  production  from  the  upper  basin  is 
expected  to  remain  high.  Main  channel  eroticnul  processes  are  expected  to  dominate  future 
sediment  yields.  Pyroclastic-flow  deposits  from  about  4  km  of  the  main  channel  above 
Yangca  Creek  (see  Figure  B-8)  will  provide  most  of  this  sediment  As  shown  on  Figure  B- 
10,  channel  geometry  is  still  V-shaped  along  the  base  of  Mount  Dorst  Inflowing  clean  water 
appears  to  have  stabilized  the  channel  location.  Bank  failures  from  phreatic  explosions  will 
continue  to  occur.  Large  secondary  pyroclastic  flow  events  in  1991  and  1992  have  also 
increased  the  stability  of  this  channel  reach.  Channel  reaches  below  Yangca  Creek  appear  to 
fluctuate  within  5  to  10  meters  phis  or  minus  pre-eruption  elevations.  From  this  area  down 
to  Mancatian,  channel  geometry  is  trapezoidal  and  50  or  more  meters  wide  (Figure  B-l  1). 

/ 

Lake  blockage  failures  like  those  of  1991  and  1992  appear  unlikely  under  current  basin 
conditions.  The  lake  area  is  mostly  filled  with  scdancnt.  reducing  the  water  storage  potent*  *1 
of  the  site.  Nevertheless,  another  huge  secondary  pyroclastic  flow  event  in  the  upper  basil, 
could  result  in  another  lake  blockage  formation  and  possMe  failure.  The  risk  of  another 
large  secondary  pyroclastic  flow  cannot  be  confidently  determined,  but  given  the  basin 
geometry,  additional  events  seem  likely  in  the  next  5  to  10  yean.  The  magnitude  and 
frequency  of  secondary  pyroclastic  flows  appear  to  be  diminishing  over  time. 

Hypercoocentiated  flows  and  mudflows  can  be  expected  to  dombiatr  sediment  transport  from 
the  upper  basin  to  the  upper  alhtvial-fni  area  and  lower.  Main  channel  processes  will 
provide  the  sediment  to  generate  these  flow  conditions.  Batik  collapses  along  the  deep  v- 
shaped  channels  win  be  a  major  source.  Secondary  pyroclastic  flows  nay  deposit  material  in 
the  channel,  increasing  the  supply  of  material  available  for  future  erosion.  Drainage  density 
may  be  near  maximum  state  and  sediment  yields  from  the  trfoutary  channels  should  decline. 

4.2.2  10-Ycif  Sediment  FOTPQW-  The  10-year  sediment  forecast  for  the  Pasig- 
Potrero  basin  is  based  upon  crimination  of  aerial  photographs,  maps,  photogrametric  cross 
sections,  PHTVOLCS  channel  cross  sections,  and  DPWH  chanarl  cross  sections  as  wefl  as 
interviews  and  reports  of  PHTVOLCS  and  DPWH  staff  and  field  investigations.  As  shown 
on  Figure  B-12,  sediment  yields  are  forecast  to  decline  from  17  million  mVycar  in  the  first 
year,  to  about  3  minion  mVycar  in  five  years.  The  drclraing  sediment  yield  is  Indeed  to 
channel  location  within  the  basin  and  the  "stable*  channel  configuration.  The  pyroclastic 
deposit  will  be  a  major  sediment  source  for  the  next  20  years. 
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Sediment  available  for  rapid  erosion  along  foe  channel  ranges  from  27  to  33  million  m*.  For 
foe  sediment  yield  forecast  an  average  of  30  millkw  m*  was  used.  This  forecast  is  for  a 
relatively  short  time  (10  years).  The  potential  exists  for  a  number  of  secondary  pyroclastic 
flows  to  develop  in  foe  upper  basin  during  this  period  and  flow  onto  foe  middle  and  distal 
sections  of  foe  alhivial-fan  complex  in  foe  lower  valley.  Siring  of  these  potential  secondary 
pyroclastic  flows  is  based  on  analysis  of  flows  occurring  in  1991  and  early  1992,  which 
suggests  that  secondary  pyroclastic-flow  sediment  yield  will  be  17  million  m9  for  foe  first 
three  years.  These  potential  events  are  not  calculated  into  the  10-year  sediment  forecast,  bm 
due  to  their  random  nature  are  simply  added  on. 

The  forecast  dtoributke  of  sediments  over  the  10-year  period  is  shown  in  Thbte  B-l. 

Hazard  zones  are  outlined  in  Figure  B-9.  Nearly  half  of  the  deposition  is  forecast  for  the 
first  five  years.  In-channel  (including  the  area  inside  the  1993  levee  between  Mancatian  and 
Santa  Rita)  deposition  accounts  for  27  million  m\  whereas  deposition  in  foe  right  overbank 
area  is  expected  to  be  7.3  million  m*.  Mudflow  and  bypervooceotiaied  flows  will  deliver  foe 
bulk  of  the  sediment  to  foe  lower  alhivial-fan  complex. 

Analysis  indicates  that  foe  right  overbank  inner  sections  have  foe  highest  probability  of 
sediment  deposition  and  flooding.  Overbank  sedimeocatioQ  and  flooding  is  expected  to  be 
frequent  but  shallow  and  widespread  within  these  zones.  Because  sediment  has  already  filled 
stream  channel,  even  some  leveed  reaches,  overtask  areas  can  be  flooded  several  times 
each  year.  Sediment  deposition  depths  are  antidpnted  to  avenge  less  than  1  meter  per  even, 
hut  accumulations  of  tip  to  2  meters  could  occur.  Mudflows  could  produce  overbook 
deposits  of  up  lo  3  m  over  a  limited  area. 

Overbaak  impacts  could  occur  in  the  Botiero  area  (see  Figure  B-9  and  Tsbte  B-l),  hut  foe 
depth  should  be  less  than  0.S  meters.  In  the  Forec  and  Mtncatian  zones,  out-of-channel 
deposition  could  be  linked  to  ia-rhtan tl  sedhaentitioe.  Localized  deposition  could  induce 
nmfor  brandies  aqd  increased  flood  impf*  in-chmmej  point 

deposition  is  not  possible  to  predict 

The  sediment  yield  curve  shown  in  Figure  B-l 2  represents  a  forecast  of  avenge  annual 
conditions.  Variations  in  sediment  yields  can  be  expected  due  to  above-  or  bcJow-average 
nunfaiJ,  foe  occumrenoe  or  lack  of  secondary  pyroclastic  flows,  lake  failures,  or  mgjor 
changes  in  channel  alignments.  Therefore,  sediment  yields  in  any  one  year  may  be  higher  or 
lower  than  foe  forecast  yields,  but  annual  yields  are  expected  to  follow  the  forecast  trend. 
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TABLE  B-l  Annual  ftasig-Potrero  River  sediment  deposition  in  million  mi 


B^CMMKfi.AMLBEPQSmQN  ZONES. 


YEAR  &  REACH 

jMim 

ERBANK 

RIGHT  OVERBANK 

am 

Mg 

• 

0.5 

4.0 

0.5 

- 

Mmcaiian 

- 

0.5 

4.5 

0.5 

- 

Pacrcro 

- 

♦ 

3.0 

2.0 

- 

Bacolor 

• 

0.5 

«* 

1994 

PMig 

- 

0.5 

2.0 

0.5 

- 

Mincmiin 

- 

0.5 

1.5 

0.5 

- 

Potrrro 

- 

* 

0.5 

1.5 

- 

B%x40f 

- 

_ 

0.5 

* 

1995 

Mig 

- 

• 

2.0 

- 

Mucattan 

- 

0.5 

1.5 

0.5 

• 

Ftarero 

• 

• 

1.5 

4.5 

• 

Bacoior 

• 

0.5 

19M 

Mg 

- 

- 

0.0 

. 

Manauian 

- 

1.0 

„ 

„ 

Pocrero 

* 

- 

2.0 

0.5 

Bsoolor 

- 

• 

0.5 

.. 

* 

1997-1991 

M* 

- 

- 

0.0 

• 

- 

1.0 

- 

Poncro 

«* 

1.0 

0.5 

Rnoolor 

• 

0.5 

• 

1999-20* 

Mg 

* 

• 

0.0 

• 

* 

Maacataa 

- 

- 

0.5 

. 

Micro 

- 

- 

1.0 

Etacolof 

- 

• 

0.5 

2*1-20* 

Mg 

• 

- 

0.0 

. 

*aacniaa 

- 

- 

0.0 

. 

• 

Potieto 

- 

. 

0.5 

• 

«* 

Bacotof 

* 

- 

0.5 

• 

.. 

4.2.3  liwf^ana  fiwtimmi  Forecast,  The  long-term  sediment  forecast  projects  30 
years  into  the  future,  tossed  oc  the  major  assumption  that  no  further  major  volcanic  action 
occurs.  Over  the  next  50  years,  erosion  could  total  77  million  m\  The  analysis  indicates 
that  sediment  yields  initially  will  be  high,  but  they  are  expected  to  rebut}  to  the  pre-emption 
range  (Figure  B-I2). 

Analysis  of  pre-eruption  aerial  photographs  (1974)  shows  a  wide  and  highly  braided  channel. 
Sediment  transport  appears  to  have  been  high  and  the  river  may  have  been  transport-limited 
rather  than  sediment-supply-limited.  These  active  channel  data  and  the  JICA  (1978)  report 
provide  supporting  documentation  that  the  ftosig-Fotrcro  River  basin  had  high  sediment 
transport  volumes  and  massive  seasonal  floods  before  1991.  Unstable  channel  conditions  eud 
bed  aggradation  will  continue  indefinitely. 


Future  sediment  problems  in  the  Ruig-Fotrero  River  system  will  also  depend  on  the  size, 
location,  and  tuning  of  secondary  pyroclastic  flows.  These  flows  could  create  lakes  on 
Yangca  Creek  that  could  be  capable  of  producing  sediment  yields  of  10  million  m*  is  a  single 
year.  The  timing  of  these  events  cannot  be  predicted  and  they  will  remain  a  risk  for  many 
years.  Secondary  pyroclastic  flows  could  create  smaller  lakes  in  Bucbuc  and  Timbu  Creeks, 
but  they  would  probably  be  too  small  to  produce  sediment  yields  comparable  to  the  Yangca 
Creek  late. 


In  the  future,  the  Parig-Poutro  River  is  likely  to  undergo  periods  of  erosion  and  deposition 
as  water  and  sediment  dtseterge  rates  change.  Sediment  transport  calculations  show  the 
sediment  transport  potential  dcreasmg  in  the  downstream  direction  during  *vrm  events. 
Thus,  when  runoff  from  heavy  rainfall  on  the  pyroclastic  deposits  moves  large  amounts  of 
vidimfnt  into  the  Pasig  River,  deposition  is  likely  However,  wtes  tire  iutewii*  «udtment 
load  is  small,  the  sandy  rim  bed  is  Ukdy  to  erode,  The  long -term  trend  will  be  one  of 
deposition  and  redevetopareat  of  the  historic  alluvial  fan.  The  stream  may  eventually  come 
out-of-beak  and  migrate  to  other  drainages  unless  controlled  in  its  proem  location.  Flooding 
will  be  a  frequent  occurrence  until  the  stream  channel  is  stabilized. 

The  future  impact  of  lake  failures  (if  lakes  form)  appears  to  depend  on  the  relative  amounts 
of  water  and  sediment.  Evidence  suggests  that  the  1991  lake  £tUure  had  more  water  than 
aedintez*  in  the  upper  reaches  of  the  Fipafac,  resulting  in  scour  throughout  the  Pasig  River, 
while  the  1992  late  failure  may  have  ted  more  sediment  available  in  fhparac  Creek  than  it 
could  transport,  producing  depoa&oo  in  the  ftuig  River.  The  potential  impact  of  take 
failures  will  tfcis  change  over  time  as  lakes  form  and  fail.  If  the  Pasig  River  channel 
compktdy  fills  with  sediment,  the  entire  tlfcviai-fcn  area  from  Angeles  City  to 
Ftoridafclanca  could  be  threatened  by  potential  Sake-failure  lahars. 


Future  sediment  coalitions  along  the  Fotiero  River  will  be  dominated  by  the  occurrence  or 
lack  of  lake  failures  in  the  headwaters.  Rainfall/ runoff  processes,  including  monsoons  and 
iyphooos,  are  likely  to  produce  less  than  2  million  m’  per  year  of  sediment  inflow,  resulting 
in  sediment  inflow  similar  to  the  pre-enif  don  conditions  described  by  Japan  International 
Cooperation  Agency  (JICA  1978).  The  river's  ability  to  transport  sediments  through  the 
reach  was  decreased  when  it  perched  in  1991  and  local  inflows  were  blocked.  Lake  failures 
have  the  potential  to  produce  sediment  yields  of  10  to  20  million  m!  in  a  matter  of  hours. 
These  events  will  almost  certainly  be  deposition*!  in  this  reach  of  the  river.  The  location  of 
deposition  can  range  over  the  entire  reach.  As  sediment  accumulates  in  the  channel,  the 
potential  will  increase  for  the  river  to  bread)  the  levees  and  migrate  across  the  alluvial  fan. 

Sediment  from  the  Pasig -Putrexo  River  system  will  slowly  but  steadily  accumulate  in  delta 
channels.  The  severity  of  Deha  flooding  will  depend  on  the  extent  to  which  deposition 
restricts  the  flow  to  Punpanga  Bay.  take  failures  may  cause  small  surges  of  sediment  to 
reach  the  delta  channels,  but  this  does  not  appear  to  be  a  serious  problem  for  the  future. 
Lake  failures  may  cause  additional  deposition  in  the  Bacolor  and  Guagua  *»cts.  However, 
raising  the  San  Feraando-Oiongapo  Highway  decreased  that  probability  for  Bacokrr. 


5.  SACOBIA-BAMBAN  RIVER  BASIN  ANALYSIS 


Tbe  Sacobui  basin  is  ac  arcs  of  546  kor  extending  northeasterly  from  the  upper  flanks  of 
Mount  Piaatubo  to  the  a!&vls!  fen  complex  of  tbe  Central  Luzon  Basin  (see  Figure  B-l). 

The  basin  headwater  area  consist?  of  narrow  steep  parallel  valleys  on  the  mountain’s  flank. 
The  Bamhan  drainage  includes  three  other  tributaries,  the  Sapccg'Cauayan,  Marimta,  and 
Malago  Rivers,  but  the  subject  of  this  study  is  tbe  Sacobia-Bambaa  River  Only  the  upper 
Sacobia  River  basin  was  filled  with  pyroclastic-flow  deposit  as  a  result  of  the  1991  eruption. 
Approximately  25  km  downstream  from  tbe  crater  this  stream  becomes  the  Bamhan  River. 
Appendix  A  (Hydrology  and  Hydraulics)  provides  a  detailed  basin  discussion. 

The  following  basin  analysis  is  limited  to  basin  conditions  prior  to  October  1993.  A  natural 
diversion  of  the  Saco&a  headwaters  hto  the  upper  reaches  of  the  Pasig- Pot  rero  River  basin 
occurred  during  October  1993.  This  wduciior)  in  drainage  ansa  will  signifkantly  reduce 
sediment  yields  in  the  Sacobia-Bamhan  River.  However,  the  full  impact  of  this  basin  cuieje 
has  not  been  analyzed  and  is  not  accounted  for  in  this  report. 

5.1  .SrdiaMntrtiaa  Hatory 

5.1.1  Pwmrfayfc  HfiTPMfrf-  When  the  initial  eruption  phase  teratimued  on  June  15, 
1991,  602  million  m*  of  pyrochutk-fkiw  material  was  emplaced  in  the  upper  Sacobia  Riv*  * 
basin.  Mom  of  the  deposit  was  in  the  deep  river  valley  within  $  to  15  km  from  the  odder*, 
at  depths  ranging  up  to  160  meters  (see  Figures  B-13,  B- 14,  B-15.  and  B-l 6)  These 
deposits  filled  the  pAHm^tion  vabey  with  unstable  and  bog -cohesive  volcanic  tautml  The 
upper  basin  was  aim  covtrod  with  5  to  50  mot  ash.  During  the  initial  emplacement, 
secondary  pyroclastic  flows  were  generated  which  aided  fedtaeot  nedistrsbutioo  and  channel 
redevelopment,  the  deposit’s  oou-codciivc  nature  combined  with  high  oinfall  rapidly 
formed  a  new  damage  network. 

5  1. 2  1991-1993  JB*™***  lid ft**™****  Srotfea  was  very  high  doling  1991  and 
declined  during  each  of  the  next  two  years.  Analysis  of  channel  cross  sections  taken  fxo 
aerial  photographs  show  erotion  of  the  chnnads  in  the  pyrodamic  deposit,  from  June  1991  to 
November  1992  totaling  13$  million  t»\  No  measurement  was  made  for  the  1993  erosion 
volume.  During  the  1991  rainy  reason,  an  unknown  volume  of  airfldl  ash  was  eroded  from 
the  mountain  and  valley  slopes  tad  deposited  along  the  edges  of  the  pyroclastic  flow  deposit 
and  in  downstream  channels  on  the  alluvial  fan. 

Doling  June  and  July  1991,  much  of  the  Sacobia  River  discharge  was  diverted  into  the 
Atom  River  at  the  Gates  of  the  Atom,  abotf  3  km  upstream  of  Clark  Air  Bare.  On  July 
25, 1991  (Fierros  and  Scott,  USGS,  personnel  ooaawimkaitioo,  July  1992),  headward  erosion 
on  the  amin  mesa  of  the  Sacobia  recaptured  the  upper  Sac^bta  River  basin  n  dm  Gales  of  the 
Abacaa  blockage  and  mopped  flow  to  the  Abacan  River.  Subsequent  reduction  of  drainage 


area,  discharge,  and  sediment  supply  in  the  Abacan  River  decreased  impact  in  the  new 
Abacan  River  area  of  the  lower  alluvial-fan  complex. 

Sediment  data  show  that  68  million  m3  and  48  million  m3  of  material  was  deposited  in  the 
Sacobia  system  during  1991  and  1992,  accounting  for  a  total  of  116  million  m3  out  of  the 
138  million  m3  of  erosion  in  the  upper  Sacobia  River  basin  during  those  years. 

Sedimentation  data  analysis  using  a  mass  balance  method  suggests  that  about  22  million  m3  of 
material  flowed  down  the  Abacan  River  system. 

Mudflow  and  hyperconcentrated  flow  events  delivered  sediment  to  the  upper  and  lower 
alluvial-fan  complex  during  the  1991  rainy  season.  The  Clark  and  Lake  areas  (see  Figure  B- 
17)  were  mainly  impacted  by  thick  mudflow  events.  Five  to  10  m  of  channel  aggradation 
occurred  in  those  two  reaches.  Hyperconcentrated  flow  deposits  covered  a  large  area  of  the 
northern  floodplain  from  Concepcion  on  downstream  (see  Figure  B-17).  The  Concepcion 
area  was  flooded  for  several  months  as  a  result  of  levee  breaches  and  sediment  deposition  in 
the  channel.  The  volume  of  deposition  in  1991  was  calculated  at  68  million  m3.  Most  of  the 
sediment  came  from  main  cnannel  erosion  in  the  pyroclastic  flow  deposits.  Headward 
erosion  and  bank  line  failures  were  the  dominant  processes.  Phreatic  explosions  were  a 
secondary  process. 

The  1992  rainy  season  produced  further  massive  mudflows  and  hyperconcentrated  flows,  but 
geomoiphic  processes  changed.  Main  channel  erosion  became  secondary  to  large  secondary 
pyroclastic  flow  events.  During  this  period,  four  large  secondary  flow  events  occurred  in  the 
middle  basin  (see  Figure  B-18)  which  yielded  high  volumes  of  sediment  to  the  alluvial-fan 
complex.  Not  all  of  the  sediment  generated  by  these  events  exited  the  deposit  area. 

Sediment  filled  long  reaches  of  the  channel,  priming  the  system  for  rapid  erosion  during 
storm  events.  During  subsequent  storms,  especially  on  August  29-30  and  September  3-4, 

1992,  sediment  cascaded  out  of  the  middle  basin  and  deposited  in  the  Clark  and  Lake  reach 
channels  and  Lake  overbank  area.  Portions  of  Mabalacat  and  Bamban  were  heavily  damaged 
in  August  and  September  1992.  Mudflows  and  hyperconcentrated  flows  were  the  transport 
mechanism  in  the  middle  basin,  while  muddy  water  flows  dominated  on  the  alluvial-fan 
complex.  Only  minor  sediment  and  flood  impacts  occurred  in  areas  downstream  of  the  San 
Francisco  reach  (see  Figure  B-17)  in  1992.  The  Concepcion  area  experienced  some  local 
flooding  due  to  1991  sediment  deposition  blocking  drainage  channels. 

The  1992  channel  deposits  in  the  Lake  reach  caused  the  Sacobia  River  to  be  diverted  onto  the 
southern  floodplain  at  Mabalacat  during  all  of  1993.  Even  though  sediment  yields  were 
much  less  than  the  previous  years,  the  diverted  flow  caused  frequent  flooding  and  significant 
sediment  deposition  on  the  floodplain  between  Mabalacat  and  the  Magalang-San  Francisco 
highway  in  1993.  The  levee  along  the  north  bank  near  Bamban  was  breached  in  August 

1993,  causing  prolonged  flooding,  but  little  sediment  deposition  on  the  northern  floodplain. 

5.2  Sediment  Forecast 
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5.2.1  SffrtiMfli  ftteste  Events.  Mala  chaste  erosion  is  expected  to  dominate 
future  sedtrarat  yields.  Sediment  tasting  from  secondary  pyroclastic  flows  and  task  line 
phreatic  explosions  will  costkMie  to  distort*  charnel  development.  Field  oixseivaJiioas 
indicates  tint  secondary  pyroclastic  flow  tocatsons  are  less  susceptible  to  fluvial  erote  sod 
additional  movement.  These  areas  appear  more  stable  and  are  hence  l&ely  to  show  a 
reduction  ta  sediment  yield  and/or  erosion  ra ses. 

Chaaad  development  oa  the  pyroclastic  deposit  is  a  complex  proem.  Chsaael  geometry  and 
plain  forai  are  impacted  by  secondary  pyroclastic  flows  and  back  tine  pteStSk  explosions. 
Pre-eruption  basin  geology  hard  points  may  influence  these  processes,  with  links  to  sediment 
yield.  Tnparosdal  and  V-shaped  channel  geometry  dominates  (Figures  B-14,  IMS,  and  B 
16).  Data  indite  ‘feat  sedimentation  processes  and  yields  will  continue  to  fluctuate,  whh 
lirdcs  to  the  geomofpfiic  processes  impacting  the  upper  and  middle  basin. 

Hyperconcentted  flows  and  mudflows  can  fee  expected  to  occur  rcguiMfy  until  channel 
geometry  and  alignment  are  stabilized.  The  channel  bottom  will  reash  a  stable  width  of 
about  300  meters  in  a  few  years.  The  impact  of  secondary  flow  ©veals  and  phrenic 
expJosioas  will  be  reduced  over  time.  Sediment  production  or  eroskm  will  shift  tlcwc-basui; 
in  about  six  years,  the  Clark  reach  will  become  a  sadSmeni  supply  zom. 


5.2.2  ift-Vetr  Kqreeffi  The  Sacobut-Bamhan  Kiver  pyrochuuk-flow  depart 
sediment  yields  (see  figure  B-19)  are  expend  to  coatee  the  ted  decline  observed  tinting 
the  past  tee  years.  The  sediment  yields  are  forecast  to  Mine  from  1$  mB&rn  m*fym  the 
fiwt  year  to  i^oot  3  rnilte  mVyear  re  five  ymt.  By  the  year  2001,  sediment  yields  may 
decline  to  prohibition  The  development  of  the  W  chaste  omS&km.  m  the 
pyrodasik-flow  deposits  is  the  cooiroilmg  factor.  Basin  analysis  tews  that  under  current 
teHewn  ©atette,  large  secondary  pyroclastic  flows  are  m  likely  to  have  a  test  impact 
on  sediment  yields.  AJowing  tor  10  meters  of  additional  recite  along  with  channel  bed 
widening  of  up  to  300  m,  the  ten  doonri  erosion  is  expected  to  be  72  million  re*  la  the 
next  10  years. 

The  forecast  distribute  of  sedsmte  tigfte^re  over  tie  next  10 , years  is  shown  on  Thble  B- 
2.  The  hazard  zones  are  ousted  on  Figure  SM7  ftely  half  of  the  forecast  for 

die  Sapobia-Bareban  River  is  «s$os*c&to  occur  m  the  12-Ion  chaste  reach  below  toe  tote 
1991  deposit.  Mudflow  deposit**  wBI  dowifauep  the  Ckrk  and  i-ake  rente,  w berets 
hypcntoeMiaBte  flows  and  muddy  water  flows  will  tioamm  toe  fewer  reaches.  The  first 
fire  years  wiU  be  dnmiBatwl  by  mudflow  events. 


TABLE  B»2  Ammi  Sacobia-BasHtm  Stiver  stdimm  deposuim  in  milium  m* 


- _ _ HXMIMNG.  AND  PETITION  ZONES _ 

YEAR  &  REACH  LEFT  QVERBANK  RIGHT  OVERBANK 
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3 

0 
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4 

0 
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0 

3 

0 
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0 

1 

0 
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1 
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2 
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0 

4 

1 
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n/a 

0 

I 

0 
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3 
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n/a 

1 

2 
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3 

1 
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3 
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3 

0 
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San  Francisco 

n/a 

n/a 

0 

2 
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B-34 


Overtook  flooding  aad  tedtmearatioo  will  be  nearly  continuous  along  the  south  side  of  the 
channel  became  of  the  1992  dtvmioo  of  the  Saoobia  River  at  Mifratacat.  Overtook 
sedimeacatioo  aad  flooding  are  expected  so  occur  mainly  in  the  southern  Lake  and  San 
Francisco  areas,  with  flood  waters  depositing  some  sediment  in  the  Concepcion  reach. 
Flooding  will  be  frequent  aad  flood  waters  will  meander  across  a  large  geographical  area. 
Sediment  deposition  will  be  a  continuous  process  with  a  steady,  gradual  accumulation  of 
material  in  the  overtsaafcs.  The  depth  of  deposition  will  vary  from  several  meters  near 
Mahalacat  to  a  few  centimeters  is  the  Concepcion  zone. 

The  sediment  yield  curve  shown  on  Figure  B-19  represents  a  forecast  of  average  annual 
conditions.  Variations  in  sediment  yields  can  be  expected  due  to  above-  or  tadow-avenge 
rainfall,  the  occurrence  or  lack  of  secondary  pyroclastic  flows,  or  major  changes  in  channel 
alignments.  Therefore,  sediment  yields  in  any  one  year  may  be  higher  or  lower  than  the 
forecast  yields,  but  annual  yields  are  expected  to  follow  the  forecast  trend. 


5.2.3  laf-awm  Virid  ftwatatf  Erosion  over  the  next  50  years  could  total 
1 12  million  m*.  The  10-year  yield  forecast  is  baaed  cm  no  new  major  volcanic  action. 

Erotism  rata  are  expected  to  decline  (tee  Figure  B-19)  as  the  upper  basin  channel  bed 
widens;  the  wider  the  channel  bed,  the  more  the  active  channel  can  meander  without  eroding 
high  banks  of  pyroclastic  deposits.  Lets  frequent  contact  between  channel  and  bank  line 
reduces  sediment  loading  and  sediment  yields.  Sediment  concentrations  will  (hop,  and 
byperconottratod  flow  and  mudflow  concentration  occurrences  dwimith.  Sediment  yield  to 
the  lower  alluvial-fen  complex  will  also  diminish.  Channel  degradation  in  the  14-km  reach 
below  the  pyroclastic  flow  depoak  will  increaae  sedimentttion  and  flooding  in  the  tower 
Sacobia-Bamban  system.  Hus  long-term  sediment  hazard  has  been  etfimntnil  to  be  in  the  1 
to  3  million  mV  year  range  and  will  probably  continue  for  years. 

Analysis  of  pre-eruption  aerial  photographs  (1974)  shows  the  Clark  and  Lake  chaanel  reaches 
to  have  been  highly  braided  aad  laden  with  sediment,  indicating  that  the  system  was  unstable 
aad  mtyri!  to  high  yiff4  fvesi*  before  1991 .  Future  Brtihnciii  uiaqxwt  iii  thr 

Sacobia-Bambafl  River  is  expected  to  be  similar  to  those  pre-emption  conditions.  He  type 
of  floodmg  and  f^ifr******-^  problems  will  be  diffrreps  due  to  the  channel  infill  foal  has 
already  occurred.  Overtook  flooding  wSi  be  a  frequent  occurrence  for  the  foreseeable 
future.  The  southern  overtask  will  be  the  moat  frequently  flooded  because  of  the  1992 
diversion  at  aa*^^**  However,  the  channel  increase  the  risk  of  levee 

failures  aad  flooding  along  the  north  bank,  "foods  should  depoak  only  small  amounts  of 
(0  {|k  ncnthern 


6.  O’DONNELL  RTVER  BASIN  ANALYSIS 


The  O’Donnell  River  basin  includes  two  major  rivers,  the  O’Donnell  and  the  Bulsa.  The 
O’Donnell  system  drains  the  northern  slopes  of  Mount  Pinatubo,  with  steep  and  narrow 
highly  incised  parallel  channels  in  the  headwaters.  The  drainage  area  of  the  pyroclastic 
deposit  is  only  1 1  km2.  Upstream  of  the  Bulsa  confluence  O’Donnell  River’s  drainage  area 
is  266  km2.  The  Bulsa  River  drains  about  510  km2  from  its  headwaters  on  the  upper 
northeastern  slopes  of  the  Zambales  Range.  The  entire  basin  system  covers  about  817  km2 
(see  Figure  B-l). 

6.1  Sedimentation  History 

6.1.1  Pyroclastic  Deposits.  The  1991  eruption  of  Mount  Pinatubo  deposited  241 
million  m5  of  pyroclastic  flow  material  in  the  upper  O’Donnell  River  basin.  The  material 
was  deposited  in  a  deep  canyon  between  2  and  9  km  from  the  volcano’s  crater.  The  toe  of 
the  deposit  is  within  an  area  of  pyroclastic  plateaus  remaining  from  an  ancient  eruption.  The 
pyroclastic  material  is  predominantly  sand,  with  littdc  gravel  and  cobble  found  mainly  within 
6  km  of  the  crater. 

The  deposits  have  maximum  depths  of  120  to  140  meters.  The  surface  elevation  of  the 
deposit  appears  to  have  been  controlled  by  the  crest  of  the  pre-emption  ridge  dividing  the 
O’Donnell  and  Bucao  River  basins.  For  much  of  the  1991  rainy  season,  the  headwaters  of 
the  O’Donnell  River  within  about  6  km  from  the  enter  were  diverted  into  the  Bucao  River 
basin. 

The  initial  pyroclastic  surface  was  smooth  and  sloped  down  toward  the  east.  This  surface 
dip  influenced  the  development  of  die  draimgn  pattern,  cm  ting  die  main  channel  to  move 
east,  abandoning  its  pre-en^tion  alignment  about  6.5  km  from  tbs  crater.  The  new  channel 
has  incised  into  the  pre-emption  ground  in  this  area,  just  as  it  has  incised  into  the  1991 
material. 

Aerial  photographs  show  some  phreatic  explosion  activity  in  1991,  but  this  does  not  seem  to 
have  been  an  important  factor  in  drainage  pattern  development.  Nor  have  secondary 
pyroclastic  flows  had  much  impact  on  the  system.  Only  one  secondary  pyroclastic  flow,  near 
the  base  of  the  pyroclastic  deposit,  has  been  identified  in  the  O’Donnea  deposits  (see  Figure 
B-20). 

6.1.2  1991-1993  Erosion  rnd  PcposQQB-  Analysis  of  channel  cross  sections  taken 
from  aerial  photographs  show  main  channel  erosion  from  June  1991  to  November  1992 
totaling  20  million  m\  while  tributary  channels  and  smaller  drainages  accounted  for  6  and  9 
million  m5  respectively.  A  review  of  the  hhar  deposits  indicates  that  deposition  and 
therefore  erosion  did  not  decline  from  1991  to  1992,  but  were  about  equal  in  both  years. 
Increased  runoff  may  have  offset  die  increasing  stability  of  die  established  channel,  resulting 
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in  the  unify  equal  erosion.  Two  separate  factors  may  love  cauaed  this  increased  runoff:  1) 
the  recapture  of  the  headwaters  sreafftimf.  around  the  end  of  August  1991,  and  2)  heavy 
sxiflfoll.  ABtlysis  shows  that  much  of  the  erosion  in  the  upper  3  km  of  the  pyroclastic 
channel  occurred  after  August  10, 1992,  a  period  conrnpcodtag  with  four  weeks  of  steady 
rainfall  recorded  at  Iba,  Zambtles  (PAGA3A,  written  commttitkarion,  1993). 

Deposition  in  1991  aad  1992  was  iifgely  confined  to  the  active  channel  area  in  die 
O’Donnell  valley,  upstream  from  the  Bangs!  River  (Swiss  Disaster  Relief,  1993). 

Downstream  from  the  Bangs*  River,  there  may  have  been  some  deposition  early  in  1991,  but 
FfHVOLCS  river  surveys  showed  the  reach  through  Tsrfatc  to  have  scoured  in  1992.  By  the 
end  of  1992,  kw-iying  areas  adjacent  to  the  channel  upstream  of  the  Baagat  River  had  been 
covered  with  less  than  1  meter  of  •**«****  Most  of  the  1992  Sahar  deposition  occurred  after 
August  10.  As  the  channel  between  Santa  Juliana  and  the  Baagat  River  filled  with  sediment, 
flooding  became  a  problem  along  the  south  side  of  the  O’DonaeU  River  in  that  reach. 

like  the  pro^rofekm  channel,  the  new  mam  channel  is  very  straight,  with  only  one  luge 
meander.  By  November  1992,  the  mam  channel  had  incised  20  to  40  meaers  into  both  die 
1991  pyroclastic  material  and  the  pre-emption  ground  (see  Figures  B-21  and  B-22).  In  the 
upper  4  km  of  the  pyroclastic  deposit,  the  1992  channel  was  neariy  100  meters  wide,  with 
cobbfcs  eoveric*  nearly  half  the  channel.  In  the  lower  4  km  of  the  pyrocktffc  deposit,  the 
river  flows  in  a  V-shaped  channel  with  a  narrow,  sandy  bed. 

A  review  of  photographs  taken  on  August  31, 1993  shows  that  up  to  that  time,  1993  erection 
had  been  much  teas  than  the  previous  two  yeare.  In  the  upper  reaches,  within  about  5  km  of 
the  crater  rim,  erosion  was  confined  to  a  narrow,  neariy  straight  channel  that  wandered 
widen  the  broader  1992  active  channel.  He  1993  channel  ia  that  reach  was  etfoatfed  to  be 
20  to  30  meters  wide  and  up  to  3  meters  deep.  Farther  downstream,  the  river  continued  to 
iywft  the  bottom  of  the  V-shaped  channel  to  a  depth  of  around  S  meters. 

He  1993  deposition  followed  the  pattern  of  the  previous  two  yean,  occurring  mostly  in  the 
channels.  Mudflow  deposits  appeared  to  be  located  upstream  of  Sams  Juliana,  within  10  ton 
of  the  base  of  the  pyroclastic  deposit.  Laban  continued  to  flow  across  southern  overbaak 
areas  near  the  towns  of  0*Dounc&  and  .  Signs  of  degradation 

were  observed  in  the  Baagat  River  at  Sams  Luck  in  August  1993.  In  October  1993,  flood 
waiera  eroded  the  southern  abutment  to  the  Barmt  River  Bridge  at  Santa  Lack. 

Downstream  of  the  Baagat  River,  inrtimffwirai  matauiind  to  be  minor  aad  ao  rigailkaal 
floods  was  observed. 
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6.2  Sediment  Forecast 


6.2. 1  Sediment  Producing  Events.  Main  channel  erosion  is  expected  to  dominate 
future  sediment  yields.  Erosion  may  be  especially  high  through  the  lower  4  km  of  the 
pyroclastic  deposit  channel.  In  this  reach  the  V-shaped  channel  still  has  a  narrow  bed  and 
high  steep  sides.  Other  pyroclastic  deposit  channels  do  not  have  sufficient  drainage  areas  to 
be  significant  sediment  sources. 

Hvoerconcentrated  flows  and  mudflows  can  be  expected  to  occur  regularly  until  the  deep  V- 
shapeci  channel  achieves  a  bottom  width  of  over  100  meters.  After  that  occurs,  the 
frequency  of  these  events  should  be  reduced  to  about  one  or  two  per  year. 

Secondary  pyroclastic  flows  are  not  expected  to  contribute  significantly  to  sediment  yields. 
The  geometry  of  the  pre-eruption  watershed  appears  to  limit  the  potential  for  secondary 
pyroclastic  flows  to  the  middle  and  west  channels  at  the  base  of  the  pyroclastic  deposit  (see 
Figure  B-20).  The  likelihood  of  secondary  pyroclastic  flows  at  these  locations  was  not  well 
defined,  but  was  considered  low.  Should  such  a  flow  occur,  it  would  have  serious  local 
impacts  and  could  increase  sediment  yields  for  a  short  time  afterward. 

6.2.2  10-Year  Forecast.  The  O’Donnell  River  pyroclastic  deposit  sediment  yields 
(see  Figure  B-23)  are  forecast  to  decline  from  13  million  m3/year  to  about  2  million  m3/year 
over  a  five  year  period.  After  that,  sediment  yields  may  continue  to  decline  until  yields 
approach  the  pre-eruption  range.  The  projected  sediment  yields  are  controlled  by  the  limited 
runoff  from  the  pyroclastic  deposit,  as  well  geologic  controls  that  tend  to  reduce  erosion 
potential.  The  "stable"  channel  width  ranges  from  500  meters  to  as  little  as  125  meters. 

The  wider  reach  lies  just  upstream  of  the  current  V-shaped  channel,  in  an  area  where  the 
main  channel  has  been  migrating  to  the  east.  The  narrow  widths  are  in  a  reach  where  the 
channel  is  incised  into  pre-eruption  ground.  Allowing  for  10  meters  of  additional  incision, 
main  channel  erosion  is  expected  to  be  27  million  rrf  in  the  next  10  years. 

The  sediment  yields  shown  in  Figure  B-23  represent  a  forecast  of  average  annual  conditions. 
Variations  in  sediment  yields  can  be  expected  due  to  above-  or  below-average  rainfall,  the 
occurrence  of  unexpected  secondary  pyroclastic  flows,  or  major  changes  in  channel 
alignment.  Therefore,  sediment  yields  in  any  one  year  may  be  above  or  below  the  forecast 
yields,  but  on  the  average,  annual  yields  should  follow  the  forecast  trend  and  total  volumes. 
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The  forecast  of  retinol  dcpocitioc  over  She  next  10  years  is  shown  in  Table  B- 

3.  the  hazard  zoos  are  ontissed  in  figure  B-24.  Neatly  half  of  the  dqpockioo  forecast  in 
the  O’DoaseH  River  bask  to  she  next  10  years  is  expected  to  occur  in  the  iO-km  re&h  jus 
downstream  of  the  pyroda&k  deposit.  Most  of  that  deposhtoa  will  be  due  to  mudflows  in 
the  fins  five  years.  Ovetoftk  areas  likely  to  receive  flooding  tod  sediment  deposition  are  all 
upstream  of  the  Bangs!  River.  Overtook  flooding  is  expected  to  be  frequent  but  shallow,  as 
floodwaten  spread  out  across  the  fioodpbur  in  the  O'Dotmefi-S&sta  Lucia  area.  Sediment 
deposition  from  most  floods  will  be  less  than  0.3  meters,  but  accumulations  could  reach  1  to 
2  meters  in  some  locations. 

Ovotank  areas  in  the  Manikmk  and  Tariac  reaches  (Figure  B-24)  may  be  subfect  to 
flooding,  but  sedhnect  deposition  should  not  significantly  exceed  pre-eruption  rates. 

Flooding  may  be  more  severe  ox  more  frequent  due  to  levee  failures  caused  by  channel 
aggradation  and/or  meandering. 


6.2.3  Long-Term  v«M  Erosion  over  the  next  SO  years  could  total 

67  minion  m\  Except  for  the  first  10  yean,  the  forecast  eroshm  appears  to  be  in  the  same 
range  as  the  erosioa  that  might  have  occurred  even  if  the  volcano  had  not  erupted.  Pre¬ 
emption  aerial  photographs  (1974)  show  a  very  active  braided  nanarf  in  the  O’Donnell 
valley,  suggesting  high  setiaent  yields  from  the  upper  basin.  Unstable  river  conditions  are 
likely  to  conrisue  indefiaately.  Flooding  in  the  O’Donnell  area  could  also  remain  a  frequent 
problem  because  the  chsanel  infill  will  allow  the  river  to  meander  across  the  overbanks. 

How  long  the  threat  will  exist  of  secondary  pyroclastic  flows  at  the  bare  of  the  pyrochntic 
deposit  is  not  currently  known.  Given  the  extreme  local  danger  from  such  events  and  the 
limited  knowledge  about  them,  they  should  be  considered  a  long-term  hazard. 


TABLE  B-3  Annual  OVameli  River  sedmern  deposition  in  million  m" 


YEAR  A  REACH 

mmms^ss£*i 


Hamm  MmjmzmmumBS-. _ 

RIGHT  OVERBAMK 
OUTER  INNER  CHANNEL  INNER  OUTER 


i m 

Bnmhing  Ihsgy 

O'CoeaeU 

Mwwlmilt 

Tube 


n/a  !  5 

n/a  0  4 

o/a  0  1 

0  0  0 


! 

1 

o/a 

0 


o/a 

0 

0 

0 


1994 

Bombing  Range 
O’DooaeU 
Maniknik 
Tartac 


n/a  !  3 

n/a  0  2 

o/a  0  1 

0  0  0 


I 

1 

n/a 

0 


o/a 

0 

0 

0 


1995 

Boobing  Range 
O'Donnell 

Tube 


o/a  0  2 

n/a  0  2 

n/a  0  1 

0  0  0 


0 

0 

n/a 

0 


n/a 

0 

0 

0 


1996 

Bombing  Range 
O'Donnell 
fefaatfcnik 
Tube 


n/a  0  1 

n/a  0  2 

a/a  0  0 

0  0  0 


0 

0 

n/a 

0 


n/a 

0 

0 

0 


199  M2 

B  athing  Range 

a/a 

O'DooddJ 

o/a 

Manikmk 

o/a 

Tube 

0 

0 

0 

0 

0 


1 

1 

0 

0 


0 

0 

n/a 

0 


c/a 

0 

0 

0 
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7.  BUCAO  RIVER  BASIN  ANALYSIS 


The  tiacso  Buis  mcospofstes  t be  Buss®  River  sod  its  two  major  tributaries,  tbe  Balm- 
Buquero  River  sod  tbe  Balirs&wak  River.  The  Balio-Buquero  system  includes  four  rasjor 
tributaries,  of  which  only  the  Miroeui  River,  is  officially  tamed.  Tbe  watershed  follows  s 
generally  northwesterly  direction  from  tk.  volcano  to  die  South  China  Sea. 

The  upper  basins  of  the  Bocao  sod  Balm-Buquero  fivers  am  a  tai$e  fan  complex  of  rdadvdy 
flat  and  low-lying  terrain,  separated  from  the  coastal  alluvial-fan  complex  by  ifc*  nutth-souih 
trending  westernmost  mountains  of  the  Zamhales  Mountain  Ranee.  This  fan  complex  m 
heavily  imyineiBd  by  pyroclastic  flows  dusting  the  1991  and  earlier  ercpeions. 

The  Baiiatawik  River  system,  which  received  no  pyrodistic-fiow  deposits  but  was  only 
Mtabted  by  aiiftil  ash  during  the  1991  srs&km  The  Balimawak  River  system  was  not 
considered  a  significant  sediment  souree  and  was  not  analyzed. 


7.1.1  Pvrodaatic  Flows.  At  ten&inatioo  of  the  eruptive  phase  on  June  15, 1991,  a 
total  of  3,000  million  m*  of  pyroclastic  flow  material  had  been  deposited  in  the  upper  Bucao 
and  Baliit-Buquero  basins.  The  bulk  of  the  deposition  occurred  between  3  km  and  10  km 
down-slope  from  the  new  crater.  The  pre-eruption  drainage  channels  were  filial,  forming  a 
broad  and  gentle  western  slope  lanrhcapr.  The  upper  bases  was  also  covered  with  a  blanket 
of  aisfidl  ash. 

The  headwaters  of  the  Bucao  River  origmaie  on  the  northwest  slopes  of  Mount  Pinatnbo  (see 
Figure  B-25),  at  an  elevation  of  about  900  meters.  This  region  was  covered  with  pyroclastic 
flow  deposits  ranging  from  only  a  few  meters  on  the  plateaus,  to  a  maximum  thkhnraa  of 
about  150  aimers  m  the  river  valleys.  The  upper  6  ton  of  the  initial  pyroclastic  deposit  was 
further  modified  by  a  1992  secondary  pyroclastic  flow  that  origjnmd  along  the  divide  with 
the  O’Donnell  River. 

The  Balin-Buquero  drains  the  westero  upper  flanks  of  Mount  Piaatubo  to  the  south  of  the 
Bocae  Eivar  (Figure  B-25).  The  Balia  Buquero  basin  and  its  tributaries  were  also  covered 
with  pyroclastic  flow  deposits  ranging  from  only  a  few  meters  oa  the  pfcaenus,  to  a 
maximum  thickness  of  150  meters  in  the  river  valleys.  Deposition  ooaaptetely  filled  the 
Maronut  River  charnel  and  diverted  the  river  to  tin  south,  about  6  ton  northwest  of  the 
cater. 
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7. 1  :l  1991-1993  Erosion  «g{f  pgftffiftjpc.  Eight  major  sad  numerous  smaller 
tributaries  transport  sediment  from  the  pyroclastic  deposit  to  the  main  stems  of  the  Bucao  and 
fiu  u>Boque«>  rivers  A  cerob^a*^  of  rill  and  gully  erosion,  phreatic  explosion*,  and 
secondary  pyroclastic  flows  aided  in  the  mtevefopment  of  the  drainage  networks  in  the 
tributaries.  Sccoa&ry  pyrecfe&fc  flows  have  been  a  mote  important  sediment  producing 
process  in  the  Bucao  River  basin  than  in  u&  zterx  basins.  Cross-section  analysis  for  the 
period  of  June  1991  to  November  1992  shows  that  600  million  m’  of  material  was  eroded 
from  the  initial  pyroclastic  deposit.  No  estimate  is  available  for  the  amount  eroded  during 
1993.  Fluvial  erosion  of  airfoil  ash  from  surrounding  mountain  slopes  appears  to  have  been 
a  main  sediment  source  only  during  the  1991  rainy  season. 

A  Urge  secondary  pyroclastic  flow  occurred  on  the  Maroout  Rim  during  the  1991  rainy 
season.  Headscarp  movement  was  initiated  about  6  km  northwest  of  the  new  crater,  but  the 
flow  crossed  the  Maroout  drainage  divide  and  continued  down  one  of  the  minor  Bucao 
tributaries  and  into  the  Bucao  Rim.  A  number  of  phreatic  explosions  also  otftjrocd  durigg 
the  1991  rainy  season. 


Swoedary  pyroclastic  flow  a ad  phreatic  expiosk**  processes  continued  during  the  1992  rainy 
season.  Three  major  sra&fidsay  pyroclastic  flows  appear  to  have  provided  the  bulk  of  the 
1992  sediment  yield.  A  massive  secondary  pyroclastic  flow  occorojd  a loop  the 
Sccaa/O’Doancli  divide.  The  flow  averaged  1,000  meters  wide  and  flowed  6  to  ?  km  down 
tite  charnel.  A  total  volume  of  SO  to  100  miilicc  in’  of  sediment  was  delivered  to  the  it  'd 
stem  of  the  Bucao  Rim.  A  second  major  secondary  pyroclastic  flow  occurred  on  a  tributary 
of  the  Balin-Roquero  Rim.  Approximately  SO  million  m’  of  pyroclastic  material  from  the 
base  of  the  deposit  (near  mid-basin},  cascaded  about  6  kin  into  the  tower  valley.  Since  the 
tower  slope  is  nearly  flat,  most  of  this  flow  was  deposited  in  the  tributary  valley,  but  some 
ydimonit  did  flow  into  the  main  stem  of  the  Batin-Buquero  Rim.  The  downstream 
distribution  of  sediment  from  this  event  is  not  known,  but  it  is  likely  that  some  of  the 
sediment  reached  the  Bucao  Rim.  The  third  and  smallest  major  emu  that  occurred  during 
the  1992  rainy  season  impacted  the  upper  reach  of  the  "new*  Maroout  Rim.  The  failure 
suifoce  is  about  1,000  meters  wide  by  2,000  meters  long.  Sediment  from  this  event 
remained  in  the  upper  channel  area  and  thus  produced  no  sedimentation  impacts  on  the 
coastal  alluvial-fan  complex. 

Field  observations  during  the  1993  rainy  season  disclosed  no  wldkionai  major  modifications 
©o  the  upper  alluvial-fan  complex  (upper  basin  asen).  Fluvial  channel  erosion  appeared  to 
progress  the  same  as  in  other  basins. 

Mudflows  seem  to  be  limited  to  the  upper  reaches  of  the  Bueno  and  Ralin-Buquero  rivers.  la 
the  middle  reaches  of  the  Bucao  and  Balm-Bwguero  Rivera,  transport  processes  consisted 
mainly  of  byperocnoantiiied  Bow  events.  The  sediment  transport  concentrations  in  the  tower 
Bucao  River  are  highly  variable,  depending  on  the  relative  flow  contributions  from  the 
sediment  laden  Bucao  and  Balm-Buquerc  rivers,  and  the  cleaner  Baiiauwak  River. 
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Deposition  has  bees  very  heavy  is  she  upper  reaches  of  the  Bucao  and  Balio-fiuquero  riven. 
Depoatioc  has  buried  the  town  of  Foonbaro,  located  at  the  confluence  of  the  Bucao  and 
fWhfcsrsfc  riven.  Cksaaa  uapotkiuu  tenses  from  around  20  m  at  Foobbifo  to  about  5  m  at 
the  confluence  of  the  Bucao  and  Balin-Buquero  rivers  at  Mahunboy.  Deposition  continues 
between  this  confluence  and  the  South  China  Sea,  with  the  active  channel  area  or  flood  plain 
widening  varying  markedly  from  about  200  meters  to  1 ,000  meters.  Deposition  thicknesses 
in  rite  channel  through  the  lower  coastal  fan  complex  are  locally  2  to  3  meters.  Distal 
thickness  is  less  than  1  meter.  Streamflow  measurement  data  (Bureau  of  Research  and 
Standards,  unpublished)  indicated  about  1  in  of  deposition  occurred  at  the  Highway  7  bridge 
in  3998,  with  no  additional  accumulation  in  1992.  Field  observations  that  the 
transport  mechanisms  were  muddy  water  to  hyperooocentrated  flow  events.  Flooding  has  not 
been  a  proi&m  in  the  lower  river. 

W  StimriFsKari 


7.2.1  BmfaflBg  Riinialbrunoff  is  expected  to  continue  to  be  the 

primary  process  delivering  sediment  to  the  lower  reaches  of  the  Bucao  River.  However, 
secondary  pyroclastic  flows  are  likely  to  be  an  important  factor  in  sediment  yields.  There  is 
a  high  risk  of  secondary  pyroclastic  flows  or  Isndilidrs  in  she  zone  extending  from  6  to 
!2  km  downstream  from  the  crater  area  along  the  western  flanks  of  the  mountain.  There  is  a 
low  probability  that  the  direct  runout  of  thsae  mass  movement;  will  reach  the  main  stem  of 
the  Bucao  River,  but  they  will  deposit  additional  sediment  in  the  mam  chancels  that  can 
be  eroded. 

hfosmal  geomorpfeic  prooesaes  will  continue  to  erode  and  transport  material  out  of  the  upper 
basin.  High  aodmm  yields  will  continue  for  the  next  few  years.  Over  time,  channel 
processes  wad  additions!  damage  development  win  reduce  sediment  yield  from  the  upper 
hatin.  The  V-shaped  tributary  channels  are  expected  to  widen  to  around  800  meters  in  the 
upper  retches  and  200  mens*  near  the  base  of  the  pyroclastic  deposit.  Frequent 
hypHcoaoeatfafed  flows  and  mudflows  are  expected  to  continue  to  be  generated  in  the 
pyroclastic  deposit  ciaanelt  for  the  next  S  to  10  yean  After  that,  wmsuiily  heavy  rainfall 
may  still  generate  there  flows.  Most  mudflows  will  deposit  matream  of  the  confluence  of 
the  Bucao  and  Balin-Buquero  rivers. 


Clean  water  entering  the  Bucao  River  from  the  Baliatswtfc  River  increases  transport 
capability  in  the  lower  20  km,  reducing  the  rifle  of  mudflow  hazards  in  the  lower  river  reach. 
However,  a  gradual  accumulstioo  of  redforet  may  occur  hr  this  reach. 
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7.2.2  10-Year  Forecast.  Sediment  yields  are  forecast  to  decline  at  a  rapid  rate  (see 
Figure  B-31).  Over  the  next  10  years  a  total  of  101  million  nfis  forecast  to  be  eroded  from 
the  pyroclastic  deposit,  compared  to  over  600  million  m3  in  the  first  two  years  following  the 
eruption. 

The  sediment  yield  curve  shown  in  Figure  B-31  represents  a  forecast  of  average  annual 
conditions.  Variations  in  sediment  yields  can  be  expected  due  to  above-  or  below-average 
rainfall,  the  occurrence  or  lack  of  secondary  pyroclastic  flows,  or  major  changes  in  channel 
alignments.  Therefore,  sediment  yields  in  any  one  year  may  be  higher  or  lower  than  the 
forecast  yields,  but  annual  yields  are  expected  to  follow  the  forecast  trend. 

The  forecast  distribution  of  sediment  deposition  over  the  next  10  years  is  shown  on  Table  B- 
4.  The  hazard  zones  are  outlined  in  Figure  B-32.  Nearly  half  of  the  deposition  is  forecast  to 
occur  in  the  headwaters  reaches  of  the  Bucao  and  Balin-Buquero  rivers.  Most  of  that 
deposition  will  be  caused  by  mudflows  during  the  first  three  years  of  the  forecast. 

An  estimated  3  to  4  million  mVyear  will  continuously  be  transported  into  the  lower  10  km  of 
the  river.  Most  of  this  material  will  be  transported  to  the  South  China  Sea,  but  about  1 
nfYyear  is  expected  to  deposit  in  the  San  Juan  reach.  This  gradual  accumulation  of  sediment 
could  over  time,  raise  the  river  bed  enough  for  floods  to  overtop  the  levee  along  the  north 
side  of  the  river.  The  rate  and  timing  of  this  deposition  is  uncertain  and  should  be  monitored 
to  improve  the  estimate. 

7.2.3  Long  Term  Forecast.  Erosion  over  the  next  50  years  could  total  261  million 
m\  After  the  first  10  years,  the  forecast  erosion  appears  to  be  similar  to  what  might  have 
occurred  even  if  the  volcano  had  not  erupted.  The  accumulation  of  sediment  in  the  San  Juan 
reach  could  continue  for  many  years.  However,  the  river’s  behavior  in  this  reach  is  not  well 
understood  and  additional  data  should  be  collected  and  analyzed  to  improve  this  estimate. 

How  long  the  threat  of  secondary  pyroclastic  flows  at  the  base  of  the  pyroclastic  deposit  will 
exist  is  not  currently  known.  Each  occurrence  seems  to  increase  the  stability  of  the 
pyroclastic  deposit.  However,  this  process  is  not  well  enough  understood  to  justify 
concluding  that  if  secondary  ^pyroclastic  flows  do  occur,  there  would  be  no  subsequent  risk. 
Given  the  extreme  local  danger  from  such  events,  they  should  be  considered  a  long-term 
hazard. 
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TABLE  B-4  Annual  Bucso  River  sediment  deposition  in  million  m' 


_  FLOODING  AND  DEPOSITION  ZONES - 

YEAR  it  REACH  LEFT  OVERBANK  RIGHT  OVERBANK 


IDENTIFICATION 

OUTER 

INNER 

CHANNEL 

INNER 

OUTER 

1993 

Headwaters 

- 

- 

25 

- 

- 

Malum  boy 

- 

- 

10 

- 

- 

San  J  uan 

- 

0 

2 

- 

- 

Bogota 

- 

- 

0 

0 

0 

1994 

Headwaters 

- 

- 

10 

- 

- 

Malumboy 

- 

- 

5 

- 

- 

San  Juan 

- 

0 

4m 

- 

- 

Batata 

- 

- 

0 

0 

0 

19*5 

Headwaters 

- 

- 

5 

- 

- 

Makmhoy 

- 

- 

2 

- 

- 

San  Juan 

«* 

0 

i 

- 

Boeota 

* 

- 

0 

0 

0 

1996 

Headwaters 

- 

- 

0 

- 

- 

Maiuaiboy 

- 

• 

I 

- 

•» 

San  Juan 

- 

0 

I 

- 

- 

Bogota 

- 

- 

0 

0 

0 

vm-2m 

Headwaters 

- 

- 

0 

- 

- 

M*kimboy 

• 

I 

- 

* 

San  lean 

- 

0 

0 

- 

- 

Rotatai 

- 

- 

0 

0 

0 

NOTE:  Thrac  gallioa  tnVyeftr  is  expected  to  be  discharged  to  the  South  China  Sct> 


8.  SANTO  TOMAS  RIVER  BASIN  ANALYSIS 


The  Santo  Tomas  River  basin  watershed  covers  an  area  of  about  262  km2,  draining  the 
southwestern  section  of  the  mountain  to  the  South  China  Sea  (see  Figure  B-33).  The  Santo 
Tomas  River  system  incoiporates  the  Marella  and  Mapanuepe  rivers,  which  join  to  become 
the  Santo  Tomas  River,  xhe  reach  length  from  the  caldera  to  the  confluence  of  the  Marella 
and  Mapanuepe  Rivers  is  about  28  km.  The  Santo  Tomas  River  begins  at  this  confluence 
and  flows  about  23  km  to  the  sea. 

8.1  Sedimentation  History 

8.1.1  Pyroclastic  Deposits.  The  June  1991  eruption  left  a  total  of  1,400  million  m3 
of  pyroclastic  material  in  the  Santo  Tomas-Marella  River  basin  in  two  separate  deposits. 

One  fills  a  broad  valley  between  2  and  7  km  south-southwest  of  the  crater.  The  second 
deposit  lies  about  1  to  2  km  farther  west  (see  Figure  B-33).  The  two  deposits  converge 
about  8  km  from  the  crater  rim. 

The  eastern  valley  varies  in  width  from  about  500  to  2,000  meters  and  has  a  slope  of  nearly 
10  percent.  The  deposits  range  from  10  to  20  meters  deep  on  the  flatter  upper  terraces  of 
the  valley,  to  over  100  meters  deep  in  the  old  stream  channels  (see  Figures  B-34  and  B-35). 
About  7  km2  of  the  upper  watershed  was  diverted  into  a  pre-eruption  channel  that  flows  along 
the  southern  boundary  of  the  eastern  pyroclastic  deposit.  A  moderate-sized  secondary 
pyroclastic  flow  occurred  at  the  diversion  point  in  1991  (see  Figure  B-33).  Because  of  the 
flow  diversion,  there  are  no  large  stream  channels  crossing  the  eastern  pyroclastic  deposit. 

The  western  deposit  ranges  from  400  to  800  meters  wide  and  up  to  120  meters  deep,  with  a 
main  channel  that  drains  the  upper  west  side  of  the  watershed.  Near  the  base  of  the 
pyroclastic  deposit  the  channel  has  been  diverted  to  the  east,  around  the  pre-emption  hill 
shown  on  Figure  B-33.  A  large  secondary  pyroclastic  flow  occurred  in  the  abandoned  river 
valley  in  early  August  1992,  depositing  material  in  the  main  channels  for  several  kilometers 
downstream. 

8.1.2  1991-1993  Erosion  and  Deposition.  Sediment  deposition  during  1991  totaled 
approximately  210  million  m3.  Sediment  produced  by  rill,  gully,  and  channel  erosion  on  the 
pyroclastic  surface  was  aggravated  by  the  secondary  pyroclastic  flow  in  the  eastern  deposit, 
and  by  erosion  of  ash  deposits  on  the  steep  mountains  adjacent  to  the  Marella  River. 

Most  of  the  deposition  occurred  in  the  Marella  River,  with  depths  of  approximately 
30  meters  near  the  base  of  the  pyroclastic  deposit  and  20  meters  at  the  confluence  with  the 
Mapanuepe  River.  Deposit  depths  continued  to  decline  downstream  in  the  Santo  Tomas 
River  to  about  5  meters  neafr  the  barangay  of  San  Rafael  and  1  meter  at  the  Highway  7 
Bridge. 
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A  higc  Isle  fanned  go  the  Mapaaucpe  River  because  of  the  blockage  si  its  codlue&se  with 
the  Mirella  River.  The  like  flooded  over  4  ksn3  and  several  communities  in  the  Mapamiepe 
valley.  He  Mipaauepc  River  periodks&y  overt  opped  the  blockage,  only  to  be  dimmed 
again  by  deposits  from  the  Marelit  River.  ZLSMG  staff  (Rodolfo  and  Umfeal,  personal 
communication,  1993)  reported  frequent  discharges  in  the  hypercoGces&rsied  and  mudflow 
range  from  both  the  pyroclastic  deposit  and  Mzpanuspe  River.  Overtook  flooding  occurred 
in  the  tower  7  km  of  the  Santo  Tomas  Rim,  impacting  the  towns  of  San  Narciso  and  San 
Felipe. 

Sediment  yields  in  1992  spin  totaled  near  200  million  m\  Sediment  yields  on  the  Mirella 
River,  like  those  on  the  O'Donnell,  did  cot  follow  the  declining  yield  pattern  described  by 
Pierson  et  al.  (1992)  for  other  volcanoes.  The  higher  than  expected  yields  were  most  likely 
due  result  of  the  combination  of  a  secondary  pyroclastic  flew  and  heavy  raia&ll.  The 
drainage  channels  continued  to  evolve  in  a  partem  similar  to  other  rfanaeis  around  Mourn 
PifiAtubo,  with  the  western  channel  forming  a  V-shaped  valley  incised  about  40  meters  into 
the  pyroclastic  deposit.  However,  a  Urge  secondary  pyroclastic  flow  near  the  base  of  the 
deposit  clogged  both  die  east  and  west  channels  shortly  before  the  onset  of  heavy  rains  in 
August  1992.  Riicfali  records  from  the  Dizon  Mines  (written  comrsnakatioa,  1993),  which 
are  located  6  km  southeast  of  the  Marelia/Mapaauqpc  confluence,  show  Una  August  1992  had 
the  third  highest  moatMy  rainfall  ia  the  last  10  years.  It  appears  that  the  heavy  rains  rapidly 
eroded  the  secondary  pyroclastic  flow  deposits  from  the  main  channels  and  contributed 
sigmfkantly  to  the  unusually  high  atvliraeat  yield. 

An  additional  5  to  SO  metes-  of  aggravation  occurred  in  the  Mirella  River  in  1992.  The  pre¬ 
emption  ridge  at  the  Ma2«Ua/Ma|nmti»pe  confluence  was  breached  on  the  west  side  near  tie 
base  of  Mount  Bagang.  By  November  1992,  mudflows  tod  traveled  as  far  dcwtmreasi  as 
San  Raftel  where  they  deposited  an  ad^tkmal  3  to  5  meters  in  the  channel.  However,  m 
significant  deposition  occurred  m  the  lower  10  km  of  the  Santo  Tomas  River.  The  flooding 
of  Dizon  Mines  by  Mapaatsepe  Lake  led  to  the  coestroctioo  of  a  new  lake  outlet  on  the 
tfuthera  side  of  the  Santo  Tomas  River.  Levees  buiU  by  the  De**rtmeoi  or  PaUk  Works 
and  Highways  before  the  1992  rainy  season  contained  river  flows  cad  prevented  flooding; 
along  the  Sower  2d  inn  of  the  Santo  Tomas  River. 

The  pyroclastic  deposit  eroded  much  less  in  1993  than  in  the  previous  two  years.  A  rough 
otiaiase  based  oo  photographs  places  the  total  1993  erosion  at  less  than  60  million  os’. 
Sediment  from  various  source  areas  on  the  pyroclastic  wefosk  could  not  be 

drifted  b&mae  westoer  conditions  limited  asms  to  the  area.  However,  e  was  dor  taai  tc- 
erorioo  of  easier  deposits  is  the  Mareila  River  had  coatribuied  5  to  10  ntilikm  n  of 
sediment  to  the  pyroclastic  yield. 

Sediment  erosion  and  dkpositiac  in  1993  were  dtnaiaased  by  t*ro  l&ige  ty pbt  oro,  Rnbi&t  in 
August  and  Kadiaag  m  October.  Prior  to  August,  deposition  had  been  tzmst  in  the  Mzrctia 
River,  but  it  had  nearly  filled  toe  Santo  Tcttu  Rives  ctotrad  ia  the  viimty  of  Sm  Ralhd. 
Runoff  from  typhoon  P*»fe**$  « large  mudflow  tort  iftvefed  as  tor  *s  Sm  Rk&d, 
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intersecting  and  overtopping  a  recently  completed  3-meter-high  levee  just  south  of  the 
barangay.  The  mudflow  deposit  reached  depths  of  around  4  meters  near  the  levee. 
Discharges  from  Mapanuepe  Lake,  flowing  along  the  south  side  of  the  Santo  Tomas  River 
channel,  were  diverted  over  the  levee  by  the  mudflow  deposit.  The  Mapanuepe  discharges 
quickly  eroded  the  levee  and  overflowed  toward  San  Marcelino  and  San  Antonio.  Flooding 
continued  for  nearly  a  week,  until  the  levees  were  repaired.  Most  overbank  damages  were 
the  result  of  flooding,  with  sediment  deposition  generally  limited  to  within  1  km  of  the  levee. 

/ 

During  the  late  stages  of  typhoon  Rubing,  a  new  channel  2  to  5  meters  deep  and  100  to 
150  meters  wide  was  erodki  into  the  deposits  of  the  Santo  Tomas  and  Marella  Rivers  from 
San  Rafael  upstream  to  the  pyroclastic  deposit.  The  channel  was  aligned  along  the  west  side 
of  the  Marella  Riv-.*r  and  to  the  center  and  north  side  of  the  Santo  Tomas.  This  channel  was 
much  larger  than  any  other  channel  observed  in  this  basin  since  the  eruption. 

Typhoon  Kadiang  produced  326  mm  of  rain  at  Dizon  Mines  on  October  5,  1993  (Dizon 
Mines,  written  communication,  1993).  This  was  133  mm  more  than  the  next  highest  daily 
rainfall  since  the  1991  eruption,  and  the  second  highest  daily  total  in  17  years  at  Dizon 
Mines.  Sediment  yields  from  the  pyroclastic  deposit  were  large  during  Kadiang,  but  perhaps 
not  as  large  as  .  might  have  been  expected  from  a  storm  of  this  magnitude.  Channel  erosion 
continued  in  the  Marella  River  channel  downstream  of  the  pyroclastic  deposit,  with  an 
estimated  5  meters  of  additional  bed  erosion.  Mudflows,  possibly  mixed  with 
hyperconcentrated  flows,  followed  the  active  channel  of  the  Santo  Tomas  River  for  about 
2  km  before  crossing  the  north  overbank  to  Santa  Fe,  burying  the  town  in  1  to  2  meters  of 
sediment.  Deposition  in  the  river  bottom  near  Santa  Fe  reached  depths  of  up  to  8  meters. 
Along  the  south  side  of  the  Santo  Tomas  channel,  mudflows  from  the  Marella  River 
combined  with  Mapanuepe  Lake  discharges  to  breach  the  levee  at  the  upstream  end,  again 
near  San  Rafael,  and  toward  the  downstream  end  near  San  Marcelino  (ZLSMG,  1993). 
Flooding  again  lasted  several  days  before  emergency  repairs  closed  the  levee  breaches. 

8.2  Sediment  Forecast 

8.2.1  Sediment  Producing  Events.  Rainfall/nraoff  is  expected  to  continue  to  be  the 
primary  process  delivering  sediment  to  the  Santo  Tomas  River.  However,  secondary 
pyroclastic  flows  are  likely  to  be  an  important  sediment  source.  The  currently  V-shaped 
western  channel  is  expected  to  widen  to  approximately  100  meters  in  the  upper  reaches  and 
300  meters  near  the  base  of  the  pyroclastic  deposit.  The  eastern  branch  cuts  across  the  toe 
of  the  pyroclastic  deposit  at  the  site  of  the  1992  secondary  pyroclastic  flows.  It  is  in  this 
vicinity  that  additional  secondary  pyroclastic  flows  are  most  probable. 

Frequent  hyperconcentrated  flows  and  mudflows  are  expected  to  continue  to  be  generated  in 
the  pyroclastic  deposit  channels  for  the  next  5  to  10  years.  After  that,  unusually  heavy 
rainfall  may  still  generate  these  flows.  As  long  as  the  large  channel  remains  on  the  Marella 
River,  mudflows  will  tend' to  be  transported  to  the  Santo  Tomas  River  without  as  much 
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rfiapgrgjfta  or  aoecusiioe  as  before  August  1993.  Lower  cooeentratioH  flows  will  likely  erode 
through  the  Marella  River. 

8.2.2  10-Year  Forecast.  SodimesK  yields  are  forecast  to  decline  at  a  rapid  rate  (see 
Figure  B-36),  continuing  the  tread  stilted  in  1993.  Over  the  next  10  years  a  total  of  130 
million  m’is  forecast  to  be  eroded  from  the  pyroclastic  deposit,  compared  to  212,  200,  and 
60  million  m*  to  1991,  1992,  and  1993  respectively.  Because  of  the  high  probability  of 
secondary  pyroclastic  flows,  an  additional  13  million  nr  of  sediment  has  beat  included  in 
each  of  the  first  three  years  of  the  forecast.  Once  the  sediment  yields  from  the  pyroclastic 
deposit  have  declined  sufficiently,  the  Marella  River  channel  is  expected  to  begin  to  erode. 

The  sediment  yield  curve  shown  in  Figure  B-36  represents  a  forecast  of  avenge  annual 
conditions.  Variations  in  sediment  yields  can  be  expected  due  to  above-  or  below-avetagc 
rainfall,  the  occurrence  or  lack  of  secondary  pyroclastic  flows,  or  major  changes  in  channel 
alignments.  Therefore,  sediment  yields  in  any  one  year  may  be  higher  or  tower  than  the 
forecast  yields,  but  annual  yields  are  expected  to  follow  the  forecast  tread. 

The  forecast  distribution  of  sediment  deposition  over  the  next  10  years  is  shown  on  Table  B- 
3.  The  hazard  rones  are  outlined  in  Figure  R-37.  Nearly  half  of  the  deposition  is  forecast  to 
occur  in  the  Santo  Tonus  River  channel  between  the  Mapanuepe  River  and  a  point  about 
2  km  downstream  of  San  Rafael.  Most  of  that  deposition  will  be  caused  by  mudflows  during 
tie  first  throe  years  of  the  forecast.  The  southern  floodplain  will  receive  most  of  the  non- 
channel  deposition,  because  the  oriearatioo  of  the  Marella  River  will  rend  to  build  a  fro 
toward  the  southwest.  Sediment  deposition  is  most  likely  near  the  Santo  Tomas  River  ami 
upstream  of  San  MarceMno,  but  flooding  may  spread  over  most  of  the  southern  floodplain. 
Flooding  could  become  more  frequent  as  sediment  dq^ion  censes  the  river  to  meander 
across  the  broad  channel  and  onto  the  overbanks. 

Some  sediment,  in  quantities  smaller  than  can  be  analyzed  in  this  study,  will  continuously  be 
tfin^c^led  into  the  lower  JO  km  of  the  river.  Much  of'  this  material  will  be  transported  to 
the  Sooth  China  Sea,  but  an  unknown  amount  will  deposit  Moaitoricg  of  coadhioiss  at  the 
Highway  7  bridge  would  provide  a  better  uaderstaadiag  of  wntoafriMwi  in  this  lower  reach. 
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TABLE  R-5  Animal  Sanio  Tomas  River  sediment  deposition  in  ml  dim  mr1 


TEAR  &  REACH 
IPEVimCAHOK 


LEFT  OVERRANK 
giflOSS  INNER 


g  and vmmmoN  zones _ _ 

RIGHT  OVERBANK 
CHANNEL  INNER  OUTER 


1993 

Upper  Majaimge  o/a  3 

Mapanuepe  4  u/a 

San  Marceiino  1  3 

San  Faiipe  0  0 

1994 

Upper  Mapanmyc  o/a  I 

Mapaouepe  4  o/a 

San  Marceiino  3  3 

San  Faiipe  0  0 

1995 

Upper  Mapaauspe  n/a  I 

Mspaotiepe  4  o/a 

San  Marceiino  1  3 

San  Faiipe  0  0 

1996 

Upper  Mapaouepe  n/a  0 

Mapanuept*  0  n/a 

San  Marc  #ao  0  1 

San  Faiipe  0  0 

mi 

Upper  Mapaouepe  n/a  0 

Mapaouepe  0  n/a 

Saa  Marceiino  0  1 

San  Faiipe  0  0 


10  o/a  o/a 

20  o/a  o/a 

1  n/a  :Va 

1  0  0 

5  o/a  o/a 

13  n/a  n/a 

1  n/a  n/a 

0  0  0 

3  n/a  o/a 

10  o/a  n/a 

1  o/a  o/a 

0  0  0 

0  o/a  n/a 

4  o/a  n/a 

1  n/a  n'a 

0  0  0 

0  n/a  n/a 

2  o/a  n/a 

1  o/a  o/a 

0  0  0 


1998 

Upper  Mapaouepe  o/a 

1 

San  Marceiino  0 

San  Faiipe  0 


0 

o/a 

1 

0 


-2 

2 

1 

0 


o/a 

o/a 

o/a 

n/a 

n/a 

o/a 

0 

0 
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TABLE  8»5  (CaottoanO  Annual  Samo  Tomas  River  sedimem  deposition  in  million  m1 


am 


Upper  Mapanuepe 

n/a 

0 

“2 

n/a 

n/a 

Mapanuepe 

1 

n/a 

2 

n/a 

n/a 

Sac  Maicetioo 

0 

1 

1 

n/a 

n/a 

San  Falipe 

0 

0 

0 

0 

0 

200Q 

Upper  Map&nuepe 

n/a 

0 

-2 

n/a 

n/a 

Mapanuepe 

1 

n/a 

2 

n/a 

n/a 

San  Marcelino 

0 

1 

1 

o/a 

n/a 

Sail  Falipe 

0 

0 

9 

0 

0 

2901 

Upper  Mapanuepe 

n/a 

0 

-3 

n/a 

n/a 

Mapanuepe 

1 

n/a 

2 

n/a 

n/a 

San  Marceliao 

0 

1 

1 

n/a 

n/a 

Sail  Falipe 

0 

0 

0 

0 

0 

im 

Upper  Mapjaaepe 

n/a 

0 

-3 

n/a 

n/a 

May«Bii>HB 

1 

n/a 

2 

n/a 

n/a 

S&nM&fcdiso 

0 

1 

1 

n/a 

n/a 

Syn  Falipe 

0 

0 

0 

0 

0 

NOTE  Aa  unknown  amount  erf  sediment  will  be  discharged  to  the  Scs^b  China  Sea  each 
year. 
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8.2.3  Long  Term  Forecast.  Erosion  over  the  next  50  years  could  total  160  million 
m3.  After  the  first  10  years,  the  forecast  erosion  appears  to  be  similar  to  what  might  have 
occurred  even  if  the  volcano  had  not  erupted.  Ten  years  ago,  sediment  yields  from  the 
Marella  basin  were  high  enough  to  annually  fill  the  irrigation  reservoir  near  the  Mapanuepe 
River  (Alejandrino  et  al.,  personal  communication,  1993).  Unstable  river  conditions  are 
likely  to  continue  indefinitely.  Flooding  and  overbank  sedimentation  is  likely  to  be  more 
severe  that  prior  to  the  eruption  because  the  river  channels  have  been  filled  by  sediment.  In 
the  future,  the  river  will  be  able  to  meander  outside  of  the  former  channel  boundaries  and 
routinely  cause  flooding  unless  actions  are  taken  to  contain  the  river. 

How  long  the  threat  of  secondary  pyroclastic  flows  at  the  base  of  the  pyroclastic  deposit  will 
exist  is  not  currently  knotfm.  Each  occurrence  seems  to  increase  the  stability  of  the 
pyroclastic  deposit.  However,  this  process  is  not  well  enough  understood  to  justify 
concluding  that  if  the  forecast  three  secondary  pyroclastic  flows  do  occur,  there  would  be  no 
subsequent  risk.  Given  the  extreme  local  danger  from  such  events,  they  should  be 
considered  a  long-term  hazard. 
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9.  COMPARISON  OF  SEDIMENT  YIELD  FORECASTS 


RfiVOLCS  and  site  USGS  have  collaborated  on  analyses  of  the  Mount  Pinatubo  eruptioe  and 
subsequent  lahar  problems.  As  put  of  that  analyses  they  have  calculated  the  pyroclastic 
deposit  volumes  and  matte  total  sediment  yield  forecasts  for  each  basin  (Pierson  et  al.,  1992; 
PfflVOLCS,  1993).  Table  B-6  presets  the  pyroclastic  deposit  and  forecast  volumes 
prepared  by  FfUVOLCS/USGS  and  those  presented  in  this  report. 

The  MfVOLCS/USGS  sediment  forecast  is  based  on  fixed  percentages  of  material  eroding 
from  each  of  the  pyroclastic  deposits.  A  value  of  40  percent  was  used  for  the  P*sig*f\3trciro, 
Saooba-Bamban,  and  O’Dooneil  riven,  and  SO  percent  was  used  for  the  Bucao  and  Santo 
Tomas  rivets.  The  higher  value  was  used  for  the  west  side  rivers  to  account  for  the  higher 
annual  rainfall  on  that  side  of  Mount  Pinatubo.  An  adriftinnai  10  percent  was  used  in  all 
basins  to  account  for  erosion  of  pre-eruption  material.  The  range  of  sediment  yields  resulted 
from  applying  the  percentages  to  the  range  of  pyroclastic  deposits  calculated  by 
PHTVOIaS/USGS. 

In  this  report,  a  total  of  1.9  billion  m\  out  of  the  S.6  billion  m’  of  total  pyroclastic  flow 
material  deposited  on  the  flanks  of  Mourn  Pinatubo  during  the  June  1991  eruption,  was 
forecast  to  be  eroded  within  SO  years  alter  the  eruption  (Table  EH>).  This  erosion  volume 
represents  34  percent  of  the  total  initial  pyroclastic  flow  deposit  volume  and  includes  the 
erosion  amounts  which  occurred  during  the  period  from  June  199!  to  November  1992.  2n 
the  individual  basins,  the  forecast  erosion  to  initial  deposit  ratios  are;  Pasig-Rxrero,  33 
percent;  Sacoba*Bambftn,  41  percent;  O’DonaeU,  42  percent;  Bucao,  29  percent;  and  Santo 
Tomas,  41  percent.  The  variations  in  yield  ratios  are  due  to  variations  in  the  complexity  of 
the  georaotphic  processes  occurring  within  each  bain,  as  described  earlier  in  this  repost. 


TASUEB4  VSACE  cad  PHIW&CS/USGS  segment  vo^mss  in  Million  w1 
(Note:  l!ds  mciatles  1991-1992  erosioc  vchunes) 


PYROCLASTIC 

TOTAL 

YlFJi) 

PASIG-POTRSRO  RIVER 

USAGE 

302 

100 

PHIVQLCS/USGS 

Low 

300 

120 

High 

500 

200 

SACOBlA-fiAMBAN  RIVER 

USAGE 

602 

250 

HIIVOLCS/USGS 

Low 

700 

280 

High 

uoo 

440 

O’DONNELL  RIVER 

USAGE 

241 

102 

PHIVOLCS/USGS 

Low 

300 

180 

High 

600 

360 

EUCAO  RIVER 

USAGE 

3,000 

863 

PftOVOLCS/USGS 

Low 

2.500 

1,250 

High 

3,100 

1,550 

SATOX)  TOMAS  RIVER 

USAGE 

1,400 

572 

PHIVOLCS/USGS 

Low 

1,009 

500 

High 

1,300 

650 

TOTAL  OF  ALL  BASINS 

USAGE 

5.990 

1,887 

OTVOLCS/USG5 

Low 

4.809 

2,330 

High 

6,600 

3.200 

10.  CONCLUSIONS 


Sediment  yields  lave  declined  dramstkaily  at  Mount  Fiaaiubo,  but  will  remain  a  dangerous 
threat  for  seven!  more  years.  Mudflows  can  be  expected  to  occur  several  times  a  year  oo  all 
five  rivers  for  the  next  5  to  10  years.  After  that  time,  annual  yields  to  the  fan 

areas  will  drop  to  near  pre-emption  levels.  However,  mudflows  may  still  be  occur  oo  an 
infrequent  bares.  The  Pasig-Potrero,  Sacobb-Barabazi,  O'Donnell,  and  Santo  Tomas 
channels  on  the  alluvial  fans  are  already  filled  with  and  future  liters  can  spil!  onto 

the  populated  floodplains. 

f 

Sediment  yields  may  be  highly  variable  over  both  short  and  long  time  periods.  Secondary 
pyroclastic  flows  or  other  basin  disturbances  could  cause  immediate,  huge  surges  of 
sediment.  The  occurrence  or  lack  of  unusually  large  storms  will  also  cause  variations  in 
sediment  yields.  Monitoring  of  the  pyroclastic  deposits  and  the  river  chanarfs  needs  to 
continue  in  onto  to  evaluate  changing  conditions. 


In  October  1993,  heavy  rainfall  and  rapid  erosion  caused  about  21  km3  of  the  Saoobu  River 
basin  to  be  diverted  into  the  Pasig  River  basks.  This  large  increase  in  frsig  liver  drainage 
area  is  very  likely  to  cause  a  tremendous  increase  in  sediment  yield  is  1994  and  beyond. 

The  full  utpaet  of  this  basin  change  lias  not  been  evahut&d  for  this  report,  but  it  is  judged  to 
present  an  extreme  hazard  to  oomiauafrics  along  the  Pmig-PMimo  River  and  also  to  endanger 
am\3uadiag  anas.  Sediment  yields  and  Sahara  in  the  Pssig  Rives*  hi  1994,  are  expected  to  be 
similar  to  those  experienced  in  the  Sssoba  River  in  1991  or  1992.  FSagPoirero  River 
sediment  deposition  of  SO  to  100  million  m*  is  considered  possible  ha  1994.  A  complete 
analysis  of  this  riftuainn  is  needed  before  the  1994  rainy  season. 
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Upp&r  Basin  /  Hoadwe&fs  Area  mam «m 

Transition  Resell  —  —  - 

Aik  vial  Fan  Complex  siihk 


Retire  8*1.  General  Location  Map,  Mount  Psnatubo. 

$  siratMg  the  Three  (ier^wphGioQicjd  Zone  in  £*ch  of  the  Major  Basins,  Upper 
Sasta/Hr&dwaters,  Transition  Reach,  ami  the  Alluvial  Fan  Complex. 


Figure  B-2.  Pyroclastic  Flow  Deposit  Location  Map, 
Mount  Pinatobo.  Bustrates  rvx>ckstic  How  Location  tn  the 
upper  BaUei/Haadwiteng  of  the  five  basins. 


Figure  B-3.  Secondary  Pyroclastic  Plow  Deposit  location 
Map,  Mount  PinatubO.  Busfcrates  major  Secondly  Pyrcckstk.  fkm  Areas 
whkh  dawebped  befcwea>  June  1335  and  fovember  1  §93. 


Earthquake  Secondary  Pyroclastic-flow 


Bad  and  Bank  Erosion 
0-2014  by  Vd. 


(Modified  after  Smith  and  Lowe  199l| 
and  Pearson  and  Eriksen_\994) 


Fiaure  B-4  Schematic  of  Sediment  Production  Proceeses. 

illustration  of  princilpe  processes  related  to  sediment  transport  and  deposition 
of  volcanic  sediment  Type  of  flow  phenomena  and  water  to  sediment  relationships  are 

also  indicated. 


RIVER  SYSTEM  EROSION  /  DEPOSITION 


Figure  B-S.  Schematic  Diagram  of  Restive 
Magnitude  of  Erosion  and  Deposition  Thiough 
m  impacted  Basin. 


SEGMENT  WELD  IN  MSLUON  CUBIC  METERS 


Figure  B-6.  legalized  Wot  of  Average  Annual  Sediment  Yie*d9 
Mount  Pina  to  bo,  The  Philippines. 


B-7.  Potential  Impact  of  Urge  Stmm  Events  cm  Averag 
Animal  Sediment  Yield,  Nomit  P&atubo,  Tbs  Philippines. 


Figure  B~8.  Upper  Paslg/Potrero  r  Busin  Map,  illustrating  Pyroclastic  flow 

deposit  and  major  geomorpWc  features  jarc#  «.*»«.!  ?  ‘ween  June  1991  *  June  199$. 


Figure  B-9.  Lower  Pasig/Pctrer©  River  Basin  Hazard  Area. 

Diagraming  Mudflow  and  Flood  Impact  Zones, 


Figure  B-1 Upper  Pasig/Potrera  River  Cfttrmei  Cross  Sectlsn  0$. 

Utuztrttki®  Bre»  «n&  Post-  Eryptkm  channel  geometry  of  this  Paslg/Foirero  River,  Cress*Seetlon 
rates  both  Timisu  and  Ptpatac  Creeps  wNch  form  the  Pastg/Potrciro  River  astern. 

Data  b&aed  on  DMA  topographic  map  and  1 392  a&rf*S  photography. 


Figure  B-14.  Upper  Sacobla  River  Chennel  Cross-Section  #6. 

Illustrating  Pre-  and  Post-  Eruption  channel  geometry  of  the  Sacobla  River.  Cross-Section 
illustrates  the  upper  two  channels  of  the  Sacobla  River.  Location  shown  on  figure  B-13.  Data 
based  oh  DMA  topographic  map  and  1 992  aerial  photography. 
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Figure  B- 15.  Upper  Stcobls  River  Chtnnel  Cross-Seetton  #7. 

fikistratlng  Pre-  end  Post-  Eruption  channel  geometry  of  the  Saeobfa  River.  Cross-Section 
Illustrates  the  Saeobia  River  and  a  portion  of  the  Paslg/Potrero  River  Basin.  Location  shown 
on  figure  R-1 3.  Data  based  on  DMA  topographic  map  and  1 992  aerial  photography. 


Figure  B-16.  Upper  Sacobia  River  Channel  Cross-Section  #14. 

Illustrating  Pre-  and  Post-  Eruption  channel  geometry  of  the  Sacobia  River.  Cross-Section 
illustrates  the  Sacobia  River  and  the  Abacan  River  downstream  of  the  "Gates  of  the  Abacan"  area. 
Locations  shown  on  figure  B-1 3.  Data  based  on  DMA  topographic  map  and  1 992  aerial  photography. 


Figure  8-1?.  tower  Steoble  River  Basle  Hazard  Area. 
Diagraming  Mudflow  and  Rood  Impact  Zones. 


YIELD  IN  MILLION  CUBIC  METERS 


SACOBIA/BAMBAN  RIVER 
SEDIMENT  YIELD  FORECAST 


Figure  B-1S.  Sediment  Yield  Forecast  for  thw 
Sacobia/Bamban  River  Pyroclastic  Deposit. 
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Figure  B-20.  Upper  0»Donne!!  River  Basin  Map. 
Castrating  Pyrodsstk  Row  fa&otit  md  n&pr  gecmaipfe  featsros 
predicted  betmeen  June  1991  -August  1993. 


h^urc  tipper  O' Donnell  River  Cntnnef  Cross-Section  #8. 

Illustrating  Pre-  end  Post-  Eruption  channel  geometry  of  the  0’Donnc!l  River.  Cross-Section 
Location  shown  on  figure  B-ZQ,  Data  based  on  DMA  topographic  msp  and  1 992  serial  photography. 


O'DONNELL  RIVER 
SEDIMENT  YIELD  FORECAST 
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Figure  B-23.  Sediment  Yield  Forecast  for  the 
0'Doimeli  River  Pyroclastic  Deposit. 
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Figure  Upper  end  Lower  Bucto  River  Bzsir  Msp.  Illustrating  Pyroclastic  flr»i 

deposit  and  major  geomorphfc  features  producted  between  June  !  S$?  -  June  1 993. 


Figure  B-26.  Upper  Bmm  River  Channel  Cress-Section  #30, 

Illustrating  Pre-  and  Post-  Eruption  channel  g^ornetty  of  the  Bucao  River,  Cros3»S®cUon 
Location  shown  on  figure  B-2S.  Data  based  on  DMA  topographic  map  end  1 992  aerial  photography. 


Figure  8-28.  Upper  Buesc  River  Basin  Channel  Cross-Section  #10 

tBustist&g  Pfe«  *nd  Pest-  Eftiptten  chasmel  g&mmy  of  tfce  Ea&t-Suqyero  River,  a,  major 
tributary  to  the  Bucao  River.  CrcaseSectfon:  Location  ttvwm  m  figure  8-25. 


Figure  8-29.  Busts  River  Btsln  Channel  Cress-SectleR  #49. 

ffiustntfng  Pre-  and  Pest*  (Eruption  chamml  geometry  of  the  Buoso  River.  Crcss-Secton  Location  shown  on  figure  B-25. 
Data  based  on  DMA  topographic  map  and  1 992  aerit f  photography- 


Figure  B-31.  Sediment  Yield  forest  for  the 
Bucao  River  Pyroclastic  Deposit. 
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Rgurs  B-35.  Santo  To  mas  River  Basin  Chinns!  Cross-Section  #5. 

ifostrating  Pr«*  and  Rest-  Eruption  channel  geowotry  of  the  Bacas  River. 

Crcws-Secti-yt  Location  shawm;  on  figura  8-33.  Data  based  on  DMA  tcpograpfcfe  map  and  1 392  aerial  photography. 


FOJtESMT  SCOflmNT  YSSLO 
M1LUOMS  OF  CtSBJC  MISTERS  PER  YEAR 


MARELLA/8ANT0  TOMAS  RIVER 
SEDIMENT  YIELD  FORECAST 
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Figure  8-36.  Sediment  Yield  Forecast  for  the 
Marelli/Saiito  Tomas  Pyroclastic  Deposit. 


Figure  B-37.  Lower  Santo  Tomas  River  Basle  Hazard  Area. 

Ditgram'ng  Mudfish  and  flood  kn&mt  Z&ftm. 
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I  *yyre  B-3S.  Pyroclastic  Ffow  Deposit  Volume  Comparison. 

Teal  voiume  c aenp&imri  of  Pyrodastje  Flow  Deposit  for  Mount  Pfnatubo 
by  USACE,  January  1 9  94  and  Pfc&dfes/USGS,  November  1993. 
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This  investigation  provide*  a  geomoq^e  framework  and  sedimentation  analysis  fi.tr  five  basins  effected 
by  the  cMHiapHk  eruption  of  Mount  Pitottu,  The  Philippine*,  on  15  tone  1991  Medium-  to  fiae-grtraed 
pyroclastic-flow  suteus)  of  approximately  5.6  biiifai  cti&k  meters  was  deposited  in  the  upper  watershed 
wtO  around  Mount  Ptsatubo.  R*tnf*5!mnoff  ha*  rapidly  eroded  eruption  material,  causing  iahxrt  that  have 
flooded  low  lying  areas  Flooding  and  MdiMMRini  from  Mount  Pinatubo  Iditn  have  displaced  teas  of  thou¬ 
sand*  of  people  from  their  home*,  destroyed  bridges  and  crops,  and  decreased  the  amount  of  .land  available  to 
agriculture  it)  the  lower  tmstn.  The  purpose  of  shit  nttalysi*  is  to  assess  the  futuA?  scdunefttNUon  hasacd*  due 
to  cost  i  ruing  erosion  of  the  19*1  pyroetittk  deposit*  trotad  Mount  Pmatobo  A  sediment  yield  forecast  h 
presented  far  e*?h  basin  eantalatag  large  smmm  of  pyroclastic  material  The  area*  most  likely  to  experience 
yeditsew  deposition  were  also  ideof  fitd  That  infatnafion  is  used  throughout  this  report  to  dewrosine  future 
damages,  pits  sad  design  sediweai  eootttJ  erasures,  and  to  assess  the  powaiisJ  benefits  (economic  tad  physi¬ 
cal)  fa  those  control  measures.. 
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